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THE ELECTROCHEMICAL SOCIETY, INC. 


The Electrochemical Society is an international organization of individuals and com- 
panies concerned with or interested in Electrochemistry and allied subjects. 


The Society is dedicated to the advancement of the theory and practice of Electrochem- 
istry and related subjects, as shown in the following divisions: 


Battery Electro-Organic 

Corrosion Electrothermics and Metallurgy 
Electric Insulation Industrial Electrolytic 
Electrodeposition Theoretical Electrochemistry 
Electronics 


Among the means to this end are the holding of meetings for the reading and discussion 
of professional and scientific papers on these subjects, the publication of such papers, discus- 
sions, and communications as may seem appropriate, and cooperation with chemical, electrical, 
and other scientific and technical societies. 


It is an incorporated society without capital stock. The affairs of the Society are managed 
by a Board of Directors under a Constitution and Bylaws. Officers are nominated by a nominat- 
ing committee appointed by the Board of Directors and elected by the members. 


Direct all general correspondence and inquiries regarding membership to Society head- 
quarters at 1860 Broadway, New York 23, N. Y. 


Vice-President 
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Building Up Worn Parts 


Plating Versatile Lead-Tin Alloys 


High Speed Wire Plating 


You can electroplate [eo ways better 
with B«A FLUOBORATE Plating Solutions 


NICKEL 


CADMIUM 


FINE CHEMICALS 


REAGENTS 


1. No mixing or dissolving necessary . . . 
supplied in concentrated solution form 


2. Easier bath preparation 
3. Stability of bath composition 
4. Ease of control 


5. Practically 100% anode and cathode 
efficiencies 


6. High conductivity 

7. Good covering power 

8. Fine-grained deposits of good color 
9. Faster, high-speed operation 


10. Readily adaptable for alloy deposits: 
lead-tin and lead-tin-copper alloys 


AND MANY MORE ADVANTAGES... 


. .. enabling you to increase production . . . 
lower your operating costs . . . get easier, 
simpler operations. In addition to the ad- 
vantages listed, each fluoborate bath offers a 
number of special advantages for its particu- 
lar applications. 


Here is the modern way to electroplate. Mail the 
coupon now for complete information. 


BAKER & ADAMSON" Fine Chemicals 
GENERAL CHEMICAL DIVISION 

ALLIED CHEMICAL & DYE CORPORATION Aes e 
40 Rector Street, New York 6, N. Y. 


Please send me, without cost or obligation, 
complete technical data on the use of fluoborate 
solutions for the following plating applications 


Plating Electrotype Shells Plating Stereotypes Plating Printed Circuits 
LEAD 
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INDIUM ; 
| 
Pi 
q 
\ 
we 
; 


Editorial 


Training a Chemist 


Tu E India Section of The Electrochemical Society prides itself on 
the fact that it is the only Section which has its own publication. The Bulletin of the 
India Section appears quarterly, and is now in its sixth year. It is not a large publica- 
tion, but each issue contains a few technical papers, news of Indian and other electro- 
chemical industries, book lists and reviews, abstracts of articles of interest, and an ed- 
itorial which usually deals with some aspects of chemistry or the chemical industry 
which are peculiar to India. The technical papers are abstracted by Chemical 
Abstracts. 


The India Section is small in numbers, but bold in spirit and endeavor, and 
should be congratulated on its efforts to improve its great country through the me- 
dium of chemistry. In addition to its members, the Section has the support of some 21 
industrial Patrons in India. It deserves the support and encouragement of ECS mem- 
bers in other countries. This might take many forms, from subscribing to the Bulletin, 
donating books or apparatus, to more ambitious plans such as raising funds for fellow- 
ships, or cooperating with the Section in arranging for exchange of personnel. 


The January 1957 Bulletin contained an editorial with the above title, “Training 
a Chemist.” While at first glance the questions discussed seem peculiar to India, fur- 
ther scrutiny reveals that they are universal problems. The author points out that 
while science graduates may be equipped with good basic knowledge, they should 
also have been “led to see and think in the way of a true scientific mind.” He also 
fears that employers often find that graduates lack the kind of training essential for 
a successful operating chemist. He suggests that the chemical industries establish a 
system of apprenticeships, or that they lend experienced men to give intensive courses 
in practical training, to deal with the latter difficulty. 


In the United States, employers must, of course, usually provide some practical 
training, or allow time for the new employee to become acclimated. We are fortunate 
in having a wide variety of institutions which offer training at almost any level. An 
intelligent high-school graduate who likes chemistry can take an intensive two-year 
course which will fit him for many positions in the industry, or he can spend 8 years in 
acquiring a Ph.D. degree. The Universities, especially in the graduate schools, do much 
soul-searching with regard to the curriculum: shall we concentrate on a few funda- 
mental courses, or shall we in addition offer specialized courses, as in Electrochemis- 
try, Colloids and Polymers, Catalysis, and the like? 


The trend seems to be to emphasize the fundamental courses. If an employer 
wants a technician, he can go to the proper institution. Many large industrial em- 
ployers can say no, we do not especially want graduates of a particular technical 
course. We have our own problems and will have to train your graduate in our own 
methods, anyway. Give us a man as well trained in fundamentals as possible, with 
laboratory experience and experimental skill, with good and adaptable personality, 
and who at least shows promise of originality and independent thinking. .. . 


Every employer would like his scientists to have been “. . . led to see and think 
in the way of a true scientific mind.” 


—CVK 
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boots 


Giant over-the-horizon antenna designed by Bell Telephone Lab- 
oratories for “White Alice,” Air Force Alaskan defense communi- 


cations network. 


Tue huge antenna systems which 
project ultra-high frequency radio 
communications beyond the horizon 
began when a Bell Telephone Labora- 
tories engineer became intrigued with 
a strange phenomenon. Although these 
radio waves were supposed to be use- 
ful only over line-of-sight distances, 
the waves displayed a mysterious tend- 
ency to take off in a giant stride to 
antennas beyond the horizon. 


This phenomenon had been studied 
both here and abroad, but no practical 
use was seen until the engineer became 
interested and thoroughly sifted the ex- 
perimental data. He came up with the 
stimulating conclusion that over-the- 
horizon transmission is far stronger 
and much more dependable than was 
generally supposed. Further he pre- 
dicted that it could be utilized to sup- 
ply dependable broadband communi- 
cations. He and his associates at Bell 
Laboratories confirmed the prediction 
experimentally, then drew up require- 
ments for the first over-the-horizon 
UHF transmission system. 


This pioneer work at Bell Telephone 
Laboratories has greatly increased the 
usefulness of UHF communications. 
For example, over-the-horizon trans- 
mission now provides critically impor- 
tant communications between remote 
military outposts in the Arctic and in 
the far north. 


For the Bell System it can provide 
important new links for telephone con- 
versations and television. 


Kenneth Bullington, 
B.S.E.E., University 
of New Mexico; M.S., 
Massachusetts _Insti- 
tute of Technology; 
recipient of the 1956 
Morris Liebmann Me- 
morial Prize and the 
1956 Stuart Ballantine 
Medal for his contri- 
butions in the field of over-the-horizon ultra- 
high frequency radio transmission. 


BELL TELEPHONE LABORATORIES 


How UHF radio 


got seven-league 


Experimental antenna used in early over- 
the-horizon UHF radio transmission re- 
search. Research extended transmission 
from 30 miles line-of-sight to 200 miles. 


WORLD CENTER OF COMMUNICATIONS RESEARCH AND DEVELOPMENT 
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New punch for missile propellants 


High heat of reaction, other characteristics point to 
magnesium for high-energy fuels 


Magnesium, in its finely divided form, may well be suitable 
for new types of rocket fuels. It has long been known that 
a tremendous amount of chemical energy is locked within 
the metal. Upon further examination, finely divided magne- 
sium has many significant characteristics that are important 
to the development of an efficient fuel: 


High heat of reaction 
Chemically reactive 
High energy per unit volume 


Products of combustion are: 
inert, relatively non-abrasive 
and present no toxicity 


problem 
fame Inexhaustible raw material 
Can be dispersed in various supply 


media 


YOU CAN DEPEND ON 


Magnesium’s heat of reaction, for example, compares to that 
of other fuel materials as follows: magnesium, 14,200 B.T.U. 
per lb. of oxygen required for combustion; aluminum, 
13,370; lithium, 10,980; boron 9,670 (all at 2900°K). This 
plus magnesium’s high theoretical flame temperature indi- 
cates that magnesium is especially adaptable for short-range 
applications where high initial thrust is desirable. 

In addition, magnesium can also be considered as an inter- 
mediate in the manufacture of other metallic and organo- 
metallic fuels. 


For information about finely divided magnesium, contact 
your nearest Dow sales office or write THE DOW CHEMICAL 
company, Midland, Michigan, Department MA1438QQ-1. 
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The Overpotential of the Manganese Dioxide Electrode 


Il. Acid Electrolytes 


Shiro Yoshizawa' and W. C. Vosburgh 


Duke University, Durham, North Carolina 


ABSTRACT 


The overpotential of electrodes prepared by electrodeposition on graphite 
was measured in solutions of sulfuric acid and manganese(II) and sodium 
sulfates as a function of acidity, current density, and temperature. The relation 
of overpotential to current density and the shapes of the growth and decay 
curves can be explained quantitatively, on the assumption that the primary 
reduction product is MnOOH on the MnO: surface and the electrode potential 
is dependent on the ratio of MnOOH to MnO. on the surface. 


The overpotential of the MnO, electrode in NH,Cl 
electrolyte at pH 5 and pH 7 was measured by 
Chreitzberg and Vosburgh (1). The overpotential 
was defined as the difference between the open-cir- 
cuit potential in the steady state attained after a 
discharge and the closed-circuit potential at the end 
of the discharge. The outstanding features observed 
in this and previous work (2) were (a) the over- 
potential increases slowly at the beginning of a 
discharge, (b) the decay after breaking the circuit 
is slow, (c) the relation between overpotential and 
the logarithm of the current density is not linear, 
and (d) the overpotential is a linear function of the 
logarithm of the ammonium ion concentration at 
constant ionic strength. These facts seemed best 
explained qualitatively on the basis of two assump- 
tions: (a) the potential of a MnO. electrode de- 
pends on the composition of the oxide at the sur- 
face exposed to the solution (3,4); (b) during or 
after discharge the lower oxide formed at the sur- 
face can diffuse into the higher oxide below, per- 
haps by a process involving the movement of only 
protons and electrons (2,5). In addition, when 
enough of a suitable electrolyte is present it is 
known that considerable managanese(II) ion goes 
into solution during a discharge, and this reaction 
continues for a time after the circuit is broken 
(4, 6). In solutions of high pH the manganese(II) 
ion in solution should eventually react with any 
MnO, remaining on the electrode to bring the system 
to complete equilibrium. 

The slow growth of the overpotential is consid- 
ered to result from the reduction of MnO, at the 
surface exposed to the solution at a rate faster than 
that at which the lower oxide produced is removed. 
In the steady state of polarization these two rates 
become equal, with more lower oxide on the sur- 
face than at open-circuit equilibrium. After break- 
ing the circuit the excess lower oxide continues to be 
removed from the surface by the two processes, in- 
ward diffusion and reaction with the electrolyte 


1Present address: Department of Industrial Chemistry, Kyoto 
University, Kyoto, Japan. 


to give manganese(II) ion. The effect of the am- 
monium ion concentration is explained as an effect 
on the rate of reaction of ammonium ion with the 
lower oxide. 

With two independent processes for the removal 
of lower oxide from the surface, the discharge is 
more complicated than desirable for a quantitative 
explanation. By changing the conditions, one or the 
other of the processes can be reduced in importance 
or eliminated. In a sufficiently acid solution con- 
taining considerable manganese(II) ion the MnO, 
electrode potential after a discharge returns to a 
value equal to that before discharge (7). This in- 
dicates that all of the lower oxide produced has re- 
acted with the acid. 

Discharges in several acid solutions have been 
carried out. The overpotentials have been measured 
and the discharge and recovery curves observed. It 
has been possible to develop equations for the vari- 
ation of the overpotential with current density and 
for the growth and decay of the overpotential. 


Experimental Methods 


The preparation of MnO, electrodes by electro- 
deposition on graphite rods and the preparation of 
cells were as previously described (1, 8). The elec- 
trodes were made of cylindrical graphite rods with 
8 cm’ of exposed area on which was electrodeposited 
0.2 mmole of MnO.. The cells consisted of a centrally 
located MnO, electrode in a vessel holding about 
190 ml of electrolyte with a cylindrical Pb electrode 
lining the wall of the vessel. A Luggin capillary was 
provided for a reference electrode which was of Hg 
and Hg.SO, with an electrolyte the same as, or 
similar to, that of the cell. 

Constant current for discharges was provided by 
four dry cells in series, with hand regulation of the 
resistance in the circuit. Both current and the po- 
tential difference between the MnO, and Hg,.SO, 
electrodes were measured by a recording potentio- 
meter sensitive to about 1 mv. The cells were main- 
tained at 25° + 0.5°C in an air bath during measure- 
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4ma 4ma 


° i) 20 30 40 50 60 70 60 30 

TIME IN MINUTES 
Fig. 1. Open- and closed-circuit potentials of a single electrode in 
electrolyte 1. The equilibrium open-circuit potential was 650 mv, 


while the closed-circuit potential depended on the current as shown. 
The curve was redrawn from a recording potentiometer graph. 


ments and the electrolyte was stirred during meas- 
urements by a magnetic stirrer. 


Overpotential Measurements 


The cells were allowed to stand over-night be- 
fore measurements were begun. After 15 min or 
more on open circuit a current was passed until con- 
stancy was attained. With an electrolyte 1M in 
H.SO, and 0.1M in MnSO, constancy of closed-cir- 
cuit potential was ordinarily attained within 2 min, 
except in the first discharge, as shown in Fig. 1. 
On breaking the circuit, constancy of open-circuit 
potential was usually attained in about 6 min. The 
difference between the constant closed-circuit po- 
tential and the constant open-circuit potential after 
the discharge was taken as the overpotential. Several 
successive measurements were possible with a single 
electrode as illustrated in Fig. 1, which was copied 
from part of a recorder graph. 

Overpotentials at the same current density either 
on a single electrode or on different electrodes sel- 
dom differed by more than 1 mv. In the first dis- 
charge of a fresh electrode the potential usually 
passed through a pronounced minimum before be- 
coming constant as shown in Fig. 1. In subsequent 
discharges made soon after the first a minimum was 
detected only when a more sensitive recording po- 
tentiometer was used, in which case there was a 
faint minimum in each discharge curve. When the 
first discharge was at very small current density 
there was usually only a small minimum, but a 
larger one appeared later when a sufficiently large 
current was passed. When an excessively large cur- 
rent was passed the closed-circuit potential did not 
become constant, as illustrated in the 20-ma dis- 
charge at 83 min in Fig. 1. Such a discharge always 
damaged the electrode so that overpotentials meas- 
ured afterward at lower current densities were too 
large. With lower acid concentration the attainment 
of equilibrium was a little slower and the reproduci- 
bility not quite so good, but the overpotential was 
larger and the relative error about the same. When 
the electrolyte contained 0.01M H.SO,, 0.99M Na,SO, 
and 0.10M MnSO,, closed-circuit potentials became 
constant in 3-4 min and, after a discharge, 30-45 min 
was required for constancy of the open-circuit po- 
tential. 

Overpotential measurements were made at sev- 
eral current densities and with five electrolytes con- 
taining H.SO,, the compositions of which are given 
in Table I. In column 4 of Table II the observed 
overpotentials are given. An approximate calcu- 


Table |. Composition of acid electrolytes 


Composition, M 


July 1957 


No. H.SO; Na,SO, MnSO, pH 
1 1.00 0.10 0.12* 
2 0.50 0.50 0.10 0.55" 
3 0.10 0.90 0.10 1.55" 
4 0.05 0.95 0.10 2.12° 
5 0.01 0.99 0.10 2.59" 

6 b 0.33 4.0" 
SH1 0.04 0.01 1.39° 
SH2 0.0125 0.015" 0.01 1.94° 


“ Measured with a glass electrode. » Acetic acid, 0.1M, and 0.01M 
sodium acetate. « Calculated. 4 K»SO,. 


Table Il. Variation of overpotential with current density and 


acidity. 25°C. 
No. of No. of Current 
elec- measure- density Overpotential, mv 

trodes ments ma/electrode Obs. ‘orr. Calc. 

Part 1. Electrolyte No. 1. 
1 1 0.40 8 8 8 
1 1 0.50 10 10 10 
1 2 1.00 16 16 15 
3 + 2.0 20 20 21 
3 5 4.0 25 24 29 
1 1 8.0 32 31 37 
1 1 16.0 46 44 45 
1 3 24.0 54 51 50 

Part 2. Electrolyte No. 2 
2 2 1.00 14 14 1l 
2 2 2.0 18 18 17 
2 2 4.0 22 21 23 
2 2 8.0 30 29 31 
2 2 16.0 42 40 40 
2 2 32.0 51 47 49 

Part 3. Electrolyte No. 3 
1 1 0.50 10 10 10 
1 1 1.00 14 14 17 
1 1 2.0 21 21 23 
1 3 4.0 29 28 31 
1 1 6.0 39 38 36 
1 1 8.0 42 40 40 
1 1 10.0 45 43 43 
1 1 12.0 53 51 46 

Part 4. Electrolyte No. 4 
1 3 1.00 22 — os 
1 1 2.0 28 
1 1 4.0 33 

Part 5. Electrolyte No. 5 
2 2 0.70 19 19 19 
3 5 1.00 21 21 22 
3 4 2.0 28 27 31 
3 4 4.0 39 37 41 
1 1 6.0 50 47 47 
1 1 8.0 56 53 52 


lation of the concentration overpotential showed 
that only at the highest current densities was this 
appreciable. When the calculated value was over 
0.5 mv a correction was made, but no corrections 
were over 1 mv. The iR drop included in the meas- 
urements was a little larger. This was calculated in 
two parts, that along the graphite rod, and that 
through the solution; the two were of approximately 
equal magnitude. The larger part of the difference 
between the observed and corrected values in Table 
II is this correction. The last column was calcu- 
lated by Eq. (XXVI). 
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Table I1l. Variation of overpotential with current density in an 
electrolyte of 0.33M NaSO,, 0.1M acetic acid, and 0.01M sodium 
acetate, pH 4.0, 25°C 


Current Obs. overpotential, mv, at 
ma 100 ma-min 200 ma-min 300 ma-min 


0.4 30 33 39 
0.5 38 39 40 
1.0 52 52 — 
2.0 68 68 68 
3.0 (57) 78 78 
5.0 90 92 95 
1.0* 44 50 56 
2.0* 64 67 69 


* Ammonium sulfate instead of sodium sulfate in the electrolyte. 


In Table III are shown some overpotentials in an 
electrolyte of 0.33M Na.SO,, 0.1M acetic acid, and 
0.01M sodium acetate (electrolyte 6). The establish- 
ment of a steady state of polarization was slower in 
this electrolyte, and measurements were made on 
each electrode after 100, 200, and 300 ma-min of 
discharge at a single current density. At the lowest 
current density the overpotential increased appre- 
ciably as the discharge proceeded, but usually the 
increase was small up to 300 ma-min of discharge. 
In two discharges ammonium sulfate was substi- 
tuted for the sodium sulfate, with only a small 
effect in the direction of less overpotential. 

With electrolyte 6, trouble was experienced in 
getting constant initial open-circuit potentials, and 
it was suspected that peroxide formation was re- 
sponsible (9). Exclusion of oxygen by a current of 
nitrogen led to satisfactory constancy. 


Overpotential and Acidity 

The relation of overpotential to the acidity of the 
electrolyte is shown in Table IV. In the second 
column are given the total H.SO, concentrations of 
all but two of the electrolytes. The acid must have 
been ionized mostly to H,O* and HSO,. The pH 
values of electrolytes 1-6 and the C and V electro- 
lyte were measured by means of a glass electrode. 
Those of SH1 and SH2 were calculated, these elec- 
trolytes having an ionic strength of only 0.1. 

The overpotentials in the fifth column were cal- 
culated by the empirical equation AE, = 17 + 7 pH. 
This expresses the results well for electrolytes 2-5 


Table IV. Variation of overpotential with acidity; current density 
4 ma/8 cm*; 25°C 


Elec- H.SO, Overpotential, mv 
M 


trolyte« pH Corr.” Cale’d(1) Cale’d(2) 

1 1.00 0.1 24 18 19 

2 0.50 0.6 21 21 22 

3 0.10 1.6 28 28 28 

4 0.05 2.1 32 32 31 

5 0.01 2.6 37 35 37 
SH1 0.04 1.3 35 26 32 
SH2 0.0125 1.9 36 30 36 
Cand V c 7 70 66 — 

6 d 4.0 85 45 — 


®@ See Table I for composition of electrolytes. 

> Corrections for IR drop and concentration polarization not ex- 
ceeding a total of 2 mv have been applied. 

¢ The source of protons for the reaction was 2M NH,Cl (1). 

4 The source of protons was 0.1M acetic acid. 
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and C and V, but fails for the others. The assump- 
tion that the overpotential is determined by the 
nature and concentration of the source of protons for 
the electrode reaction leads to a better equation. It is 
sufficient for present purposes to assume that the 
H,O° and HSO: ions are equivalent and to relate the 


overpotential to twice the total H.SO, concentra- 
tion. This gives the equation AE, = 22—9log 2c 
in which c is the concentration. The last column of 
Table IV shows that this equation gives good calcu- 
lated values for all of the electrolytes containing 
H.SO, except electrolytes 1 and SH1, for which the 
calculated values are 5 and 3 mv too low, respec- 
tively. These two solutions were the only ones that 
contained no cations other than H,O* and Mn”. 


Growth and Decay of Polarization 


For the investigation of the shapes of the growth 
and decay curves a recording potentiometer with a 
chart speed of about 5 cm/min and a sensitivity of 
about 0.01 mv was used. This instrument had a 
range of only 0-10 mv, so most of the electromotive 
force was balanced by a hand-operated potentio- 
meter. 

The curves showed evidence of a small iR drop in 
agreement with the calculated values and negligible 
for these experiments. Some curves are shown in 
connection with their discussion below. 

The discharge curves all showed minima like that 
in the first discharge in Fig. 1. The minima in sec- 
ond and subsequent discharges made soon after the 
first were too small to have been recognized in the 
measurements of Fig. 1. 


Evidence for the Presence of Lower Oxide on the 
Electrode Surface 


If polarization is the result of the accumulation of 
lower oxide on the surface it should be possible to 
demonstrate its presence. An electrode was dis- 
charged in electrolyte 1 to a steady state of polari- 
zation at a current of 1 ma/8 cm’. It was then 
quickly removed from the electrolyte, washed, and 
placed in a test tube containing 1M H,SO, without 
added manganese sulfate. After 5 min it was trans- 
ferred to a second portion of the same solution, and 
after increasing periods of time to a third, fourth, 
and fifth portion. Mn was determined colorimetri- 
cally in each portion of the solution. The electrode 
was replaced in the cell with electrolyte 1 and the 
experiment repeated with a discharge at 4 ma. Two 
more experiments were made with 4-ma discharges 
of another electrode. Blank experiments were made 
by bringing the two electrodes to open-circuit equi- 
librium with electrolyte 1 and then transferring to 
the successive portions of 1M H.SO,. Results are 
shown in the three upper curves of Fig. 2. 

All three curves show that manganese(II) ion is 
extracted continuously for more than 80 min both 
after a discharge and in the blanks. The curves for 
the discharged electrodes lie above those for the 
blanks as the result of the extraction of more man- 
ganese(II) ion in the first 5 min. After 5 min all 
are approximately parallel. The experiment was 
repeated with electrolyte 5 with similar results. It 
may be concluded that there is an excess of lower 
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Fig. 2. Manganese(Il) ion dissolved from partially discharged 
and undischarged electrodes. In the experiments represented by the 
three upper curves the electrodes were transferred from a solution 
containing 0.1M MnSO, and 1M H.SO, to one of 1M H.SO,. The 
lowest curve represents an electrode at constant potential in 1M 
H.SO, transferred to 1M H.SO,. 


oxide on the surface of a freshly discharged elec- 
trode. 

The continuous extraction of manganese(II) ion 
from the electrodes is largely the result of the trans- 
fer of the electrode from a solution containing 0.1M 
MnSO, to one free from Mn. In the first solution the 
electrode takes up manganese(II) ion and in the 
second solution releases it slowly. A corresponding 
slow change in electrode potential takes place when 
the electrode is transferred from one solution to the 
other. 

When an electrode was kept in 1M H.SO, free 
from Mn, with occasional change of solution, until 
there was no further change of potential, it re- 
leased only a little manganese(II) ion to fresh 1M 
H.SO,. The record of such an experiment is given in 
the lower blank curve of Fig. 2. A sample at 180 min 
confirmed the linear relationship shown. This may 
be a true self-discharge and is equivalent to a cur- 
rent density of 0.02 ma/8 cm’. 


Effect of Temperature 


Measurements similar to those in Table II were 
made at different temperatures. Some of the results 
are shown in Fig. 8, below, in connection with their 
discussion. The 15°-values are in poor agreement 
with the others. Similar measurements were made 
with electrolyte 5. 

The effect of temperature can be compared with 
that at pH 7. The ratio of the overpotential at 5°C 
to that at 25°C is 1.4 at pH 7 (1) with a current 
density of 1.6 ma/electrode, while with electrolyte 
1 the corresponding ratio is 2.2 for 1 ma/electrode 
and 2.7 for 2 ma/electrode. For electrolyte 5 the 
ratios for 15° and 25°C are 1.7 and 1.9 as compared 
with 1.2 for pH 7. The ratios increase with acidity. 
Electrolytes 1 and 5 can be compared at tempera- 
tures 25° and 50°C; the ratio for a current of 2 
ma/electrode is 2.3 for electrolyte 1 and 1.4 for 
electrolyte 5. 


Effect of Thickness of MnO, 


A few electrodes were made with thinner and 
thicker deposits of MnO, by plating for 15 min or 
2 hr instead of the usual 30 min at 25 ma/electrode. 
The overpotential for a 4-ma discharge was 29 mv 
for a 15-min electrode, 24 mv for a 30-min elec- 
trode, and 11 mv for a 2-hr electrode. Comparison 
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Fig. 3. Relation between overpotential and the logarithm of the 
current density (ma/8 cm’). The numbers indicate the electrolytes, 
compositions of which are given in Table |. 


of the discharge curves for a l-ma discharge of a 
30-min and a 2-hr electrode shows that the mini- 
mum value comes considerably later for the 2-hr 
electrode, at 12 min after the beginning of the dis- 
charge instead of 5 min. The minimum usually 
comes at about the same stage of discharge as meas- 
ured in ma-min (1). This suggests that the true 
current density may be smaller for the 2-hr elec- 
trode, because of larger surface area. A smaller cur- 
rent density should give a smaller overpotential in 
qualitative agreement with experiment. However, 
ratios of surface area estimated from the minima 
and from the overpotentials did not agree. 


Discussion 

The Tafel Equation.—In Fig. 3 the relation be- 
tween the overpotential and the logarithm of the 
current density for electrolytes 1, 3, 5, and 6 is 
shown. The curves for the more acid solutions 
might be considered to consist of two interesting 
straight lines. All resemble the relation in NH,Cl 
electrolyte at pH 7 except that the overpotential de- 
creases considerably with the large increase in acid- 
ity (1). The slope of the low-current portion for 
electrolytes 1 and 3 is 15 mv/log I. At lower acidity 
the slope is larger but approaches this value as the 
current decreases. For the lead dioxide electrode the 
corresponding slope is about 18 mv/log I (10). 

A theory of the overpotential similar to that for 
the hydrogen evolution reaction (11) does not ac- 
count for the slow growth and decay of polarization 
and predicts too high a slope for the Tafel equation. 
An alternative theory has been developed that ac- 
counts for the slow decay of polarization and is also 
in accord with the observed relation of current and 
overpotential. 

Decay of Polarization.—The postulates adopted 
are as follows. (A) The potential of a MnO, elec- 
trode is determined in part by the composition of 
the surface exposed to the electrolyte (3,4). (B) 
Overpotential results from an excess of the reaction 
product on the surface. (C) In a steady state of dis- 
charge in sufficiently acid electrolytes the reaction 
product is removed by reaction with the acid as fast 
as it is formed. (D) The primary reaction product is 
MnOOH, which reacts with the acid of the electro- 
lyte according to the equation: 


2MnOOH + 2H* = MnO, + Mn* + 2H,O (A) 


Consider the concentrations of hydrogen and 
manganese(II) ions and the ionic strength constant, 
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which was approximately true in the experiments. 
Let L be the mole fraction of MnOOH in the elec- 
trode surface and (1—L) the mole fraction of 
MnO.. Tne rate at which MnOOH is removed from 
the surface in accordance with Eq. (A) can be ex- 
pressed by 


= k,L? — k,(1 — L) (1) 


in which k, and k, are the velocity constants of the 
forward and reverse reactions. These constants in- 
clude the constant hydrogen and manganese ion 
concentrations. If the postulates are correct, Eq. (1) 
should apply to the reaction of excess lower oxide 
on the electrode surface with acid, on open circuit, 
that is, to the decay of polarization. At equilibrium, 
—dL/dt is zero and L becomes L., the mole fraction 
of lower oxide in the surface at equilibrium on open 
circuit. It will be assumed that L, is small with acid 
electrolytes. Then, at equilibrium 


k, i—L, 1 


= II 


Integration of (I) and simplification using (II) and 
assuming L,* negligible compared with L, gives 
L+L, 


In ———— = tV (k.)* + + C Ill 
V + 2+ 


in which C is the integration constant. Taking L, 
as negligible when added to or subtracted from 
unity, (III) can be arranged to give 


1 i-L 

In =kt+C (IV) 
1 1—L 


in which k = \/(k.)* + 4 kk, 

It is assumed, in agreement with postulate (A), 
that the electrode potential E is determined by L 
and 1 — L in accordance with the equation 

RT L 


E = E° ———I1n 
F 1—L 


(V) 


In the steady state of polarization L = L, and E = E,, 
and at open-circuit equilibrium L = L, and E = E,,. 
The increase of potential at any time after opening 
the circuit is E — E, = AE and the overpotential is 
E, — E, = AE,. It follows that 


E = — 1 . VI 
L, 1-L, 
RT L 
Combining (IV), (VI), and (VII) 
exp [(AE.)F/RT] + exp [(SE)F/RT] _ wae 
exp [(AE,) F/RT] — exp [(AE) F/RT] 
(VIII) 


Since AE = 0 when the circuit is opened at t = 0, 


AE,)F/RT + 1 
exp (AE,) (IX) 
exp (AE,)F/RT — 1 
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Eqs. (VIII) and (IX) give the change in AE with 
time when the polarized electrode is allowed to 
stand in the electrolyte on open circuit. 

Decay curves were determined as _ described 
above. From the initial and final values of the elec- 
trode potential AE, was calculated, and k was eval- 
uated from one value of AE after 2-5 min. It was 
then possible to calculate the curves. If the left- 
hand term of Eq. (VIII) is plotted against the time, 
a straight line is obtained, with a few of the early 
points and some of the last ones deviating from the 
line. Since errors in the later observations are mag- 
nified in this plot, it is more satisfactory to plot AE 
against time, as in Fig. 4 and 5. The equation holds 
well for electrolyte 1, except near the beginning, 
and less well for electrolyte 5. The considerably 
smaller acid concentration in electrolyte 5 and 
slower rate of dissolving of the lower oxide may 
make possible an appreciable amount of diffusion of 
lower oxide into the interior of the MnO, thus com- 
plicating the decay of polarization. 

Growth of polarization——One may now proceed 
on the assumption that the overpotential is deter- 
mined by a balance between the formation of lower 
oxide and its dissolution by the electrolyte. In the 
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Fig. 4. Decay of polarization, electrolyte 1; the increase in poten- 
tial after opening the circuit, AE, plotted against time. The lines 
were calculated by means of Eqs. (VIII) and (IX) and the points 
were taken from the recorded decay curves. The topmost curve 
followed the first discharge of an electrode, while the other two 
followed second discharges. 


10 20 30 
TiME MINUTES 

Fig. 5. Decay of polarization, electrolyte 5. The solid curves were 
calculated by means of Eqs. 8 and 9 and the dashed curves are 
drawn to pass through the experimental points. First and second 
refer to first and second discharges of a particular electrode. The 
discontinuous line is the theoretical curve for the second discharge 
at 0.5 ma. 
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early part of a discharge the rate of increase, dL/dt, 
of the lower oxide concentration on the electrode 
surface is equal to the difference between the rate 
of production of lower oxide by the electrochemical 
reaction, which may be represented by k’ I, and the 
rate of dissolution, which is given by Eq. (1). 


dL 
k’ I—k,L* + k.(1 — L) (X) 


Eq. (X) becomes Eq. (I) when I = 0. In the steady 
state of polarization at constant current dL/dt = 0, 
and L = L,. Substituting in (X) and rearranging 


k’ I= + k.L, — k, (XI) 
Combining (X) and (XI) 


Integrating (XII), 


In 
2L, + k./k, 


=kt+C (XIII) 


In a sufficiently acid solution k./k, should be 
small, while L, should be fairly large. Neglecting 
k /k, and noting that L = L, when t = 0 


2k,L,t 


(XIX) 


Combining with (V) and defining E; as the electrode 
potential at t = 0, AE, = E,—E, and AE, = E, — E, 


2L,(1—L,) +e” + e“ L, + L, 
n ) = 2k,L,t + In 
e“—e“ L,—L, 
(XX) 


in which x = (AE,)F/RT and a (AE,)F/RT. If 
2L,/(1 — L,) can be neglected, which will be shown 
later to be justified when AE, is small, 


e*+e™" L, + Ly 


= 2k,L,t + In ———— XXI 
+In=——— (XXI) 


The left-hand term can be changed to the form of 
the corresponding term of Eq. (VIII), but the mean- 
ings of x and a are slightly different. 

Eq. (XXI) is in approximate agreement with 
discharge curves that do not pass through the pro- 
nounced minimum of a first discharge, which is il- 
lustrated in Fig. 1. It does not predict the small 
minima found by the more accurate measurements 
in the later discharges. However, a simple empirical 
correction can be applied for the unknown process 
causing the minimum, and this leads to excellent 
agreement of calculated and observed values. A cal- 
culated curve and some experimental points taken 
from the recorded discharge curves of two elec- 
trodes are shown in Fig. 6. 

The first step in the empirical correction was to 
extrapolate the portion of the experimental curve 
at the right of the minimum back to zero time, giv- 
ing a curve like that ending at 16.5 mv in Fig. 6. 
This intercept was arbitrarily assumed to be AE,, 
the value of AE, at the steady state of polarization 


July 1957 


4 
6 

ELECTRODE | 

© ELECTRODE 2 


Fig. 6. Growth of polarization. The dashed curve is the theoretical 
curve for a discharge with no minimum. The solid curve is the 
theoretical curve corrected empirically to include the minimum. 


if the process leading to the minimum had not taken 
place. The process leading to the minimum is as- 
sumed to start at t = 0 and its effect on AE, at any 
time to be given by the difference between 16.5 mv 
and the appropriate point on either the extrapolated 
or the real portion of the discharge curve. Addition 
of these differences to the corresponding averages 
of the two sets of experimental values gives the 
dashed curve, which is the hypothetical discharge 
curve uncomplicated by the second process. This 
should be in accord with Eq. (XXI). The graphical 
method gave only a first aproximation to the correc- 
tion shown in Fig. 6. From the first approximation 
the left-hand term in Eq. (XXI) was calculated and 
plotted against the time. This should give a straight 
line, but the plot was very sensitive to small differ- 
ences in AE, and only one value gave a satisfactory 
line, 16.5 mv in Fig. 6. From this value and the slope 
and intercept of the straight line the final dashed 
curve was calculated. When from this final curve 
the proper differences were subtracted the solid 
curve was obtained, agreeing with both sets of ex- 
perimental points well within a millivolt for the 
most part, or as well as the two experimental curves 
agree. 

This shows that it is possible to explain the dis- 
charge curves with the smaller minima as a com- 
bination of the curve predicted by the above theory 
and another process. This other process might be a 
change of physical form of the lower oxide (10). 

The same treatment was applied to some dis- 
charges in electrolyte 5. Here, the corrections were 
much larger than for electrolyte 1; in one case the 
estimated theoretical AE, was 45 mv while the actual 
steady-state value was 25 mv. However, the cor- 
rected curve was in good agreement with the ob- 
served values, better than would be expected on the 
basis of the decay of polarization in electrolyte 5. 
The approximations in the derivation of Eq. (XXI) 
are somewhat questionable here, and there is the 
possible complication of the inward diffusion of 
lower oxide. The empirical correction seems to cor- 
rect for both of these. 
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Overpotential and current density.—At the steady 
state of polarization dL/dt = 0 in Eq. (X) and 
I = K,L,* — K.(1 — L,) (XXII) 
in which K, and K, are equal to k,k’ and k, k’, re- 
spectively. Solving Eq. (VII) for L, 


1 
(XXIII) 
1+ 
in which y = (AE,)F/RT, and combining (XXII) 
and (XXIII) 


> K, _ 
(1 + [(1 —L,)/L,Je*}* 1+ —L.)/L. Je” 
(XXIV) 


Constant K, can be eliminated, since at open-circuit 
equilibrium 


Combining (XXIV) and (XXV) and simplifying 
gives 
K, (1—L.) K, (1—L,) e” 
[L. + (1—L,) L, + (1-—L.) e” 
(XXVI) 


When the acid concentration is large and AE, is 

small, L./(1 — L.) << e” and (XXVI) can be sim- 
plified to 

K, [ 2(AE.)F 

I = ————- exp | 

1-—L, RT 

The applicability of Eq. (X XVII) is shown in Fig. 

7 and 8, in which exp [2(AE,.)F/RT] is plotted 

against I. In Fig. 8 the lines are drawn to fit the 
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Fig. 7. Test of Eq. (XXVII) for the relation of overpotential (AE.) 
and current density; exp [2(AE.)F/RT] plotted against the cur- 
rent/8 cm®* of electrode surface. The lines were drawn after finding 
the best values for the slopes and intercepts by use of Eq. (XXVI). 
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Fig. 8. Application of Eq. (XXVII) to overpotentials at various 
temperatures (°C). 
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Table V. Values of K, and 1 — L, in Eq. (XXVI) at 25°C 


Electrolyte No. 1 2 3 5 
K, 0.46 0.78 0.46 0.25 
1-L, 1.00 0.99 0.97 0.95 


points, with most weight given to small values of 
AE,. 'n a preliminary drawing of Fig. 7 values of 
K, and (1—L,) were determined from the slopes 
and intercepts. Using the values so obtained as first 
approximations it was found by repeated trial in 
Eq. (XXVI) which values gave the best agreement 
with experiment. The values adopted are given in 
Table V and were used in drawing the lines in Fig. 
7. The values of AE, calculated by Eq. (XXVI) are 
given in the last column of Table II. 

Calculated and experimental values of AE, agree 
quite well except at 4 and 8 ma for electrolyte 1. 
There are smaller deviations in the same direction 
for the other electrolytes at these currents, or at 
2 and 4 ma, while the agreement at the smallest and 
largest currents is generally better. It is possible 
that the approximations in the theory are respon- 
sible. 

It is worthy of note that electrolyte 1 seems to be 
out of place in Fig. 7 and its value for K, does not fit 
in with the series of values for the other electro- 
lytes. It will be recalled that electrolyte 1 also did 
not agree well with the others in the relation of 
overpotential to acidity. 

Variation with temperature—tIn Fig. 8 Eq. 
(XXVIII) is applied to the data for the overpotential 
in electrolyte 1 at the temperatures 5°, 15°, 25°, 
35°, and 50°C. The values of K, found graphically 
are 0.064, 0.41, 0.46, 1.25, and 2.60. When log K, is 
plotted against 1/T in accordance with the Arrhen- 
ius equation a straight line is obtained, with the 15° 
value deviating more than expected. The value of 
the Arrhenius constant derived from the slope of the 
line is 14.6 kcal. This is in the range for chemical 
reactions rather than diffusion processes. 

For electrolyte 5 the values of K., found from a 
plot similar to Fig. 8 were 0.17, 0.25, 0.46, and 0.82 
for temperatures 15°, 25°, 35°, and 50°C. From 
these the value 9.5 kcal was obtained for the Ar- 
rhenius constant. 
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Anodic Corrosion and Hydrogen and Oxygen Overvoltage on Lead 


Research Department, The Electric Storage Battery Company, Philadelphia, Pennsylvania 


and Lead Antimony Alloys 


P. Riietschi and B. D. Cahan 


ABSTRACT 


Constant current techniques permit rapid evaluation of the anodic corrosion 
of lead and lead antimony alloys. The amount of PbO. formed during anodiza- 
tion can be evaluated by measuring the length of the potential plateau of the 
PbO./PbSO, couple produced during discharge. The rate of self-discharge and 
the degree of utilization of the lead dioxide must be taken into account in 
order to obtain correct corrosion figures. Methods for evaluating the self- 
discharge and degree of utilization of the PbO. are described. 

X-ray diffraction patterns were taken of the anodized Pb and Pb-Sb alloy 
samples. Patterns of PbSO,, Pb, a-PbO., and s-PbO. were observed, but there 
was no indication that PbO was formed on any sample. The principal anodiza- 
tion product was a-PbO., a new crystalline modification of PbO.. Hydrogen 
and oxygen overvoltages were measured on various alloys of the Pb-Sb system, 
using interrupter techniques. Overvoltage and anodic corrosion of single crys- 


tal faces of Pb were also investigated. 


The anodic corrosion of Pb and Pb-Sb alloys is 
of fundamental importance to the lead-acid battery 
industry. Positive grid corrosion is one of the prin- 
cipal reasons why lead-acid batteries wear out in 
service. The standard method in the battery in- 
dustry for evaluating positive grid corrosion is the 
SAE overcharge test. This is essentially a constant 
current experiment performed in the region of 
oxygen evolution. 

In this study constant current techniques were 
used to study the anodic behavior of Pb and Pb-Sb 
alloys under precisely defined conditions. 

Lander (1,2) and Wolf and Bonilla (3) investi- 
gated corrosion by constant potential techniques. 
The former finds tetragonal 8-PbO, is formed by the 
reaction of H.O and Pb but this PbO, is unstable on 
electrochemical grounds and goes to PbO and PbSO,. 

Formation of PbO as a product of anodic corro- 
sion in H,SO, has also been reported by Burbank 
(4). These findings are in contrast with the views 
of Wynne-Jones and co-workers (5) who find that 
PbO, and PbSO, are the only possible reaction prod- 
ucts. Kabanov, et.al. (6) determined the rate of 
anodic corrosion by measuring the capacity of the 
PbO, layer formed. A similar technique was used in 
this study. It has been shown that the hydrogen 


overvoltage of metals can be correlated to the 
strength of the intermetallic bond (7), and, there- 
fore, to anodic corrosion. According to this theory 
the hydrogen overvoltage decreases with increasing 


bond strength. The oxygen overvoltage also depends 
in a similar way on the characteristics of the elec- 
trode material so that it decreases with increasing 
strength of the bond M-O between the metal and 
oxygen (8). In the present investigation on anodic 
corrosion, hydrogen and oxygen overvoltage studies 
were therefore included. 


Experimental 

Pb alloys used for the experiments were cast into 
strips using identical casting conditions for all al- 
loys. The strips measured 2 cm x 2 cm x 2 mm with 
an 8 cm x 1 cm x 2 mm tab for handling and elec- 
trical connection. One flat surface of the strips was 
cut with a highly polished carbon steel microtome 
blade. To minimize cold-working and surface oxi- 
dation effects, five additional cuts of 2 » depth were 
taken less than 5 min prior to insertion into the ex- 
perimental cell. Measurements showed the final 
depth of roughness to be smaller than 1/10y. Table 
I lists the alloys used and their analyses. 


Table |. Analyses of alloys used (%) 


Alloy 
z# Sb As Sn Cu Bi Ag Fe Ni 
1 0.0001 — 0.0001 0.0001 0.0005 0.0001 a 0.0001 
2 1.08 — 0.0001 0.003 0.05 0.003 0.0005 0.0003 
3 2.16 0.008 0.0001 0.003 0.01 0.004 0.0005 0.0003 
4 3.48 0.03 0.0001 0.003 0.018 0.005 0.0005 0.0003 
5 5.76 0.025 0.0002 0.01 0.015 0.004 0.0005 0.0003 
6 7.26 0.015 0.0001 0.008 0.008 0.005 0.0005 0.0008 
7 8.76 0.015 0.0001 0.01 0.003 0.004 0.0005 0.001 
8 10.98 0.015 0.0001 0.005 0.008 0.002 0.0005 0.001 
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Fig. 1. Electrolytic cell 

Large single crystals of Pb were prepared using 
differential cooling (9) and cut with the (100), 
(110), and (111) faces parallel to the surface. Ori- 
entations of the planes were determined by etch-pit 
analysis (10) and checked with x-ray back reflec- 
tion. The planes were oriented with an accuracy of 
1-2%. 

Fig. 1 is a sectional view of the special electro- 
lytic cell designed for rapid mounting of specimens. 
The cell exposes a defined electrode area of 0.95 cm* 
to the electrolyte. The Luggin capillary intersects 
the cylindrical anode compartment at the specimen 
surface and thus causes a minimal distortion of the 
uniform electric field in the electrolyte. 

Fig. 2 is the schematic diagram of the circuit used 
to provide interrupted current studies of the IR drop 
during overvoltage measurements. A_ standard 
power supply (V, and V.) supplied + 325 v D.C. and 
+200 v D.C., respectively. V, is a thyratron oscillator 
adjustable by means of R, and C,... to a frequency 
range of 5 cps to 50 ke. The resultant sawtooth 
wave is differentiated by C,, and R,, producing a 
sharp negative pulse which triggers the monostable 
multivibrator V,, and V,,. A positive and a negative 
pulse are produced across the coil L, in the plate 
circuit of V,,. These pulses are amplified and inverted 
by V;, and fed to the cathode follower V;,. The first 
of the two pulses triggers the sweep of an oscillo- 
scope, and the second is fed to the pulse shaper V,,. 
This produces a sharp negative pulse which passes 
through the gate diode V,, and triggers the output 
multivibrator V, V., and V,. This multivibrator is 
arranged so that V, is normally conducting. The cell 
to be investigated is placed in the plate circuit of 
V.. The screen voltage of the output tubes is held 
constant by the VR tubes V, and V,,. In this way 
the output current is held at a constant value, ex- 
cept when the multivibrator is triggered. The diode 
V.. serves to couple the cathodes of the multivibra- 
tor, and increases the cutoff speed by rapidly turn- 
ing Vs on and off at a given cathode voltage of V.. 
Constant or interrupted currents variable from 15 to 
100 ma were produced with the apparatus just de- 
scribed, with an accuracy of +0.5% 

Currents below 15 ma were produced by the dual 
control heptode V,;,, whose screen grids are held at 
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Fig. 2. Schematic diagram of the electronic interrupter. Power 
supply (Chassis 1), oscillator and interrupter (Chassis II), low cur- 
rent output (Chassis III). 


R1, 2, 12 — 100 2w 
R3' — 39k Yew 

R4 — .22M Yaw 
R6 — .18M law Cl6, 
R7) — Determined by ampli- 
R8) — tude of sync pulses 
R9, 41 — 5K 


C13 — 50 mfd ceramic 

C14, 18, 19, 26 — .01 mfd ceramic 
C15 — 200'mmfd ceramic 

17 — .001 mfd ceramic 

C20 — 4 mfd 150V elec 

C21 — 10 mfd 350 V 


R10 — 2M pot 2w C23 — .5 mfd 200 V 

R11, 25, 30” — .27M aw C24 — .1 mfd 200 V 

R13 — 27K K law C27 — .006 mfd ceramic 
R14, 36, 4 — .1M law C29 — 680 mmfd ceramic 
R15 — 4.7 C30 — 300 mmfd ceramic 
R16 — 10K on 2w C31 — 82 mmfd ceramic 
Ri7 — .25M pot 2w C32 — 10 mmfd ceramic 
R18 — 470 Iw C33 — 20 mfd 300 V elec 
R19, 22 — 1. © Le C34 — 40 mfd 350 V elec 
R20, 24 — 1K C35, 36 — .02 mfd ceramic 
R21 — 3900 SI, — Toggle Switer 
R23 — 5 lw $2’ — DPDT Toggle Switch 
R26, 40 — 100 Y¥w $3 — 7 pos. switch 

R27, 31 — 4.7K Yaw $4 — 11 pos. switch 


S6 — DPDT Switch with off position 
Ch 1, 2 — 4Hy @ 120 Ay choke 


R35 — 5K pot 4w hk @7 
37 — 100 2w 3A, oy 4.5A 
R39 — 390 2w Ts — 117 @ 70 mA, 6.3 @ 2A 
R42 — 5M pot lw Li — 2mH coil 
R43 — .47M Yew" V1, 2 — 5V4G 
R44 — 100 pot 14w v3 — 2D21 
40-40'mtd 475V elec V4, 6 — GL6463 
C5 — 50 mfd 25V 12AU7 
Cé — .25 mfd 400 V V7 — 6AL5 
C7 — .15 mfd 400 V 8,9 — 6C 
C8, 25 — .05 mfd 400 V v10, 11, 14 — 


oc3 
C9 — .015 mfd ceramic viz — CK742 Hi Current Diode 
C10 — .005 mfd ceramic V13 — 6X4 
Cll, 28 — .002 mfd ceramic V15 — 5915A or 6CB6 
C12 — .008 mfd ceramic 


105 v by an OC3 voltage regulator tube. The cur- 
rents were constant to +0.5%. The tube V,, acts as a 
constant current device until a negative pulse is 
impressed on its second control grid. This shuts off 
the tube until the pulse is removed. The driving 
pulse is produced across the diode V,,. Off times as 
short as 0.5 » sec with cutoff times of 0.2 » sec were 
produced by this apparatus. 

All experiments were made in a constant temper- 
ature bath at 30° +0.02°C. The H.SO, used in the 
cell had a specific gravity of 1.225 (at 20°C corre- 
sponding to 308g H.SO,/1000g of solution) prepared 
from C. P. H,SO, and triple distilled water with a 
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specific resistance greater than 2x10° ohm-cm. Po- 
tentials were measured with either a hydrogen elec- 
trode or a mercury-mercurous sulfate electrode cal- 
ibrated at 0.607 v to hydrogen. Potentials were re- 
corded by a #42200-F Model S Micromax recorder 
operated together with a high input impedance (10" 
ohm) electrometer amplifier circuit from a L&N 
Electrochemograph Unit No. 7673. A voltage divider 
of 60 megohms impedance was built to change the 
range of the instrument. A bias-adjuster consisting 
of a 100,000 ohm ten-turn precision Helipot and a 
constant voltage source was placed in series with 
the voltage divider. Transient and high speed phe- 
nomena were recorded by a Minneapolis-Honeywell 
% second recorder, Model Y153X (19) V-X-156, op- 
erated in conjunction with a General Radio Electro- 
meter Voltmeter amplifier type 1230-A. 


X-ray diffraction patterns were taken with a GE 
XRD-3 Geiger Diffractometer. Anodized Pb samples 
were removed from the electrolytic cell, washed, 
and dried with acetone within 3 sec of the interrup- 
tion of current. Readable patterns could be obtained 
within 5 min of removal from the cell, although no 
change was observed after a 2 week stand in the dry 
state. 


Samples of a-PbO, and B-PbO, were prepared for 
x-ray analysis and potential measurements by sev- 
eral methods. The a-PbO. was prepared in the fol- 
lowing ways: 

1. Electrolysis on Pt foil, in a concentrated solu- 
tion of NaOH, saturated with Pb(OH)., at a current 
density of 1-10 ma/cm’*. The adhering film sample 
was ground, washed with hot ammonium acetate so- 
lution and with conductivity water. Further purifi- 
cation was obtained by treating the washed product 
with 2% HNO, and H.O. until violent reaction 
ceased. The material was then washed with water, 
hot ammonium acetate, and again with water. 


2. Electrolysis of a strongly ammoniacal solution 
of concentrated ammonium acetate (50%) saturated 
with lead acetate with current densities of 0.1-10 
ma/cm’. 

3. Precipitation at 15°C from an ammoniacal 
solution of lead acetate (200-300 g/l) in 50% am- 
monium acetate by ammonium persulfate solution 
(50 g/l). 

4. Conversion from f-PbO, at a pressure of 
125,000 psi. 

B-PbO, was produced by the following methods: 

1. Electrolysis of a saturated solution of lead 
nitrate containing excess HNO, at a current density 
of 0.1-10 ma/cm’. 

2. Baker C.P. PbO., washed with hot saturated 
ammonium acetate and water. 


Samples of a- or B-PbO, used for potential meas- 
urements were further treated by digestion with 
1.225 sp gr H.SO, on a steam bath for 1 week, ac- 
cording to the procedure described by Hamer (11). 

Current for anodization runs was obtained from 
the interrupter, with the oscillator disconnected. 
Samples were anodized for 1, 2, 3, 4, and 20 hr with 
a current density of 3 ma/cm*. The formed PbO, 
layers were then discharged with currents of 100 ya, 
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500ya, or 2.5 ma, or left on open circuit where they 
underwent self-discharge. 

Samples were removed from the cell immediately 
after formation and also after discharge to deter- 
mine the quantity of PbO, present. The PbO, layers 
were treated with KI in sodium acetate containing 
acetic acid. The liberated iodine was titrated with 
standardized sodium thiosulfate, using semi-micro 
techniques. 

Results 

In this paper all current values are given for a 
specimen area of 0.95 cm*. Alloy samples were 
anodized with a current of 3 ma for various time 
periods and were then discharged with varying cur- 
rents. Before the anodization period was started, the 
sample was usually cathodized for 30-60 min with a 
current of 3 ma. During this cathodization period 
hydrogen overvoltage measurements were taken. 

Fig. 3 shows the initial potential transients after 
reversing the current for a specimen of pure Pb 
(alloy No. 1). The plateau at the Pb/PbSO, poten- 
tial has a length of about 8 sec. There is also a very 
slight break visible slightly above the theoretical 
potential of the Pb/PbO, couple as indicated by the 
arrow in Fig. 3 The cell reaction for this couple is 


PbO, + 4H’ + 4e = 2H.0 + Pb (1) 


corresponding to a reversible potential of +0.665 v. 
Therefore, it is theoretically possible that PbO, can 
be formed at potentials far below the PbSO,/PbO, 
potential. The latter has a value of +1.685 v (11, 
12). It will be shown later that the a-crystal modi- 
fication of PbO, is probably formed by reaction (1), 
whereas §-PbO, is formed by oxidation of PbSO,. 
The overshoot of the potential transient above the 
potential for oxygen evolution is approximately 360 
mv. Since a current of 3 ma was used the resistance 
of the passivating sulfate layer was estimated to be 
120 ohms. From the length of the Pb/PbSO, plateau 
(8 sec) one can calculate that approximately 1.25 
x 10° moles PbSO, were formed, corresponding to a 
thickness of 640A if a density of 6.2 g/cm’ is as- 
sumed for the sulfate layer. The “mean specific re- 
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Fig. 3. Initial voltage transients for a specimen of pure Pb (alloy 
No. 1) anodized at 3 ma. 
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Fig. 4. Discharge curve of a sample with 1% Sb (alloy No. 2) 
after 20 hr of anodization at 3 ma; discharge current 500 ma. 


sistance” of the sulfate was calculated to be 10° 
ohm-cm and the electric field in the sulfate layer at 
the breakdown point 5 x 10‘ v/cm. These very ap- 
proximate calculations are valid only for a uniform 
surface. The potential of the positive electrode, after 
the initial peak, passed through a slight minimum 
and maximum and then decreased slowly with time. 
This behavior has previously been described by 
Wynne-Jones and co-workers (13). After anodiza- 
tion for 1, 2, 3, 4, or 20 hr, the extent of anodic cor- 
rosion was determined by discharging the PbO. 
formed on the electrode. 


A typical discharge curve is shown in Fig. 4. This 
curve was obtained after anodization of a sample of 
1% Sb (alloy No. 2) for 20 hr with a current of 3 
ma in H.SO, sp gr 1.225 and at a temperature of 
30°C. The discharge current was 500 wa. A small 
drop in potential of 20 to 30 mv is visible approxi- 
mately in the middle of the discharge curve. This 
small change in potential was observed in all dis- 
charge runs. Its position varied with the Sb con- 
centration in the alloy. For pure Pb the change oc- 
curred near the end of the total discharge curve, 
whereas for alloys with Sb concentrations above 3% 
it was near the beginning of the curve. While the 
two plateaus might be explained possibly as a pas- 
sivation phenomenon, it is more probable that they 
correspond to the two crystalline modifications a 
and £-PbO.. 

The formation and breakdown of the passivating 
sulfate layer produced initially upon anodization 
using a constant current was shown in Fig. 3. A 
similar study was made using an interrupted cur- 
rent of 3 ma and a repetition rate of about 1000 
times/sec, whereby the length of current interrup- 
tion was about 1/10 of the length of the current 
pulse. These current pulses were directed initially 
in the cathodic direction during which time the 
build up and decay of hydrogen overvoltage were 
studied. Voltage transients were observed on the 
screen of an oscilloscope and the ohmic component 
of the overvoltage was determined. Additional work 
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Fig. 5. Total discharge time and the length of the first step after 
20 hr of anodization at 3 ma as a function of the antimony con- 
centration; discharge current 100 u a. 


is planned using this new technique for the study 
of passivation phenomena. 

A large number of discharge runs similar to those 
in Fig. 4 were made; anodization was for 20 hr at 
3 ma, while the discharge current was 100 ya. Re- 
sults are shown in Fig. 5 to 8. Fig. 5 shows the length 
of the total discharge step (sum of the two plateaus) 
after anodization of samples containing various Sb 
concentrations. The length of the first plateau is 
also given, and this length is constant for all alloys 
with an Sb concentration higher than 3%. The value 
of 2.94% represents the limit of solid solubility of 
Sb in Pb at 257°C (14). 

In Fig. 6 the length of the total discharge step 
after anodization for 4 hr at 3 ma has been plotted. 
The curve of the squares was obtained by measuring 
the potential decay on open circuit (self-discharge). 
The curve of the circles represents the length of 
the discharge steps applying discharge current of 
100 wa. For any Sb concentration the length of the 
self-discharge step is of the same order of magni- 
tude as the length of the 100 wa discharge step. 
Therefore, the total length of the discharge step is a 
fair measure of the extent of anodic corrosion only 
if the rate of self-discharge is properly taken into 
account. 
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Fig. 6. Total discharge time and self-discharge time after 4 hr of 
anodization at 3 ma as a function of Sb concentration. 
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In order to determine the loss of capacity (amp 
sec) due to self-discharge of the PbO, layers the fol- 
lowing experiments were made. A series of pure 
Pb specimens (alloy No. 1) which had previously 
been anodized with a current of 3 ma for a period 
of 20 hr were discharged at various rates. Fig. 7 
shows a plot of the product i x t where i is the dis- 
charge current in amperes and t is the discharge 
time in seconds, against the discharge time in sec- 
onds. Even if the same amount of the PbO, re- 
mained in the corrosion layer at the end of the po- 
tential plateau, i.e. independent of discharge cur- 
rent or discharge time, this plot should not yield a 
horizontal straight line because the layer suffers dif- 
ferent amounts of self-discharge for different dis- 
charge times. It can be seen that the available ca- 
pacity thus increases with decreasing discharge 
time. By microtitration, it was found that the 
amount of PbO, left in the layer at the end of dis- 
charge was, indeed, practically independent of the 
discharge rate. A titration of the absolute amount 
of PbO, in a freshly formed oxide layer was incon- 
clusive because self-discharge effects interfered 
during dissolution of the PbO, in the solution to be 
titrated. A much smaller error might be anticipated 
when discharged layers were titrated. 

One can now assume that an extrapolation of the 
curve in Fig. 7 to zero discharge time yields the 
maximum obtainable capacity because self-dis- 
charge is now eliminated. The total amount of cor- 
rosion is obtained by adding to this limiting capacity 
value, the capacities corresponding to the amount of 
PbO, left in the layers as found by microtitration. 
Capacity values obtained by this procedure are 
marked with circles in Fig. 7 and correspond to the 
total arrount of PbO, formed on the sample surface 
during the 20-hr anodization. This amount should, of 
course, be the same for the different discharge runs. 
An investigation as illustrated for pure Pb in Fig. 7 
would essentially be necessary for each alloy studied 
in order to determine exactly the total amount of 
corrosion. This is anticipated for future work. 

Fig. 8 shows the discharge time after various 
periods of anodization for pure Pb samples. The dis- 
charge current was 100 ya. Values for self-discharge 


Ba 
3 
a 
3 0s 
z 
3 
° 10x108 1Sx10# 


DISCHARGE TIME (SECONDS) 


Fig. 7. Evaluation of the total amount of corrosion for a speci- 
men of pure Pb (alloy No. 1). The available capacity as a function 
of discharge is shown by the squares; the circles indicate the 
amount of total corrosion. 
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Fig. 8. Total discharge time and time for self-discharge as a func- 
tion of time of anodization at 3 ma. Solid symbols show data ob- 
tained on single crystal faces. 


are given. Data on single crystal faces (solid sym- 
bols) are also shown on Fig. 8. The extent of self- 
discharge varied significantly for different crystal 
faces, whereas only slight differences were observed 
with the 100 ya discharge. 

It must be kept in mind that the actual corrosion 
values obtained by the procedure outlined above 
and illustrated in Fig. 7 give the amount of PbO, 
formed. The depth of attack can be calculated from 
these values using the specific gravities of the alloys. 
Specific gravities and conversion factors are given 
in Table II. 

X-ray diffraction patterns were taken of a series 
of Pb-Sb alloys which had been anodized for vary- 
ing time periods and of specimens which had been 


_ discharged to the end of the first potential plateau. 


The only patterns observable on any sample were 
those of PbSO,, Pb, a-PbO., and f-PbO.. The 
a-PbO, pattern was usually dominant. Also, after 
discharge of the samples to the end of the first po- 
tential plateau, the a-PbO, pattern was still quite 
strong, even though partially obscured by the PbSO, 
pattern. Fig. 9 shows a typical pattern of a sample 
(alloy No. 8) which had been anodized for 18 hr 
with a current of 3 ma in 1.225 sp gr H,SO, at 30°C. 
Also shown are the pattern of electrolytically pro- 
duced (see Experimental Procedure 1) a-Pb0O., 
Baker’s C. P. 8-PbO., and, for purposes of compari- 
son, tetragonal PbO produced by the oxidation of 
lead ground in a ball mill. 

Hydrogen overvoltage measurements were not 
very reproducible, due to apparent changes in the 
surface of the alloys. After polarization with cur- 
rents larger than 5-10 ma/cm’, the overvoltage 
usually decreased with time because the surface was 


Table ||. Specific gravities of Pb-Sb alloys 


cm? em’ 
% Sb RA g Pb g Pb in % of pure Pb 
0 11.35 0.0882 100 
11.02 0.0945 107.1 
6 10.89 0.0978 110.8 
8 10.75 0.1011 114.7 
10.67 0.1031 116.9 
ll 10.52 0.1068 121.0 
12 10.44 0.1088 123.3 
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Fig. 9. X-ray diffraction patterns of PbO + Pb, 6-PbO., a- 
PbO. and of alloy No. 8 after anodization with 3 ma fora period of 
18 hr. The patterns were taken with G.E. XRD-3 diffraction unit. 


increased by cathodic corrosion (15, 16). There was 
probably a slight simultaneous production of stibine. 
At current densities below 0.5-1 ma/cm’* the hydro- 
gen overvoltage decreased due to adsorption of 
anions (17). The Tafel-slopes were nearly the same 
(0.120) for all the alloys, in the current density 
range between 1 and 10 ma/cm”. In order to com- 
pare the various surfaces, the overvoltage was meas- 
ured as soon as possible after immersion of the 
sample, starting with currents of 3 ma/cm’* and in- 
creasing to 10 ma/cm’. Experiments with the inter- 
rupter showed that the ohmic resistance contributed 
less than 2 mv (at a current of 3 ma) to the total 
overvoltage in the cell described in Fig. 1. Experi- 
ments with single crystal faces of pure Pb showed 
that the differences in hydrogen overvoltage be- 
tween the three planes investigated, namely (100), 
(111), and (110), were very small. Slopes of the Tafel 
lines were close to 0.120 on all three faces. The hy- 
drogen overvoltage on the (111) face was only 
about 20 mv higher than on the (100) face at a cur- 
rent of 1 ma/cm*. The hydrogen overvoltage on the 
(110) plane showed an unstable behavior and fluc- 
tuated periodically with time between the values for 
the (111) and (100) plane. 

Hydrogen overvoltage decreased with increasing 
Sb concentration. However, this decrease was 
smaller than expected. It is conceivable that Sb in 
solid solution does not lower the hydrogen over- 
voltage as effectively as free Sb. Some results are 
given in Table III where i, denotes the exchange 
current in amperes, a the transfer coefficient, and b 
the slope of the Tafel line, together with literature 
values [see also (18-22)] for pure Pb and pure Sb 
taken from the recent review by Bockris (23). 


Table III. Hydrogen overvoltage on Pb-Sb alloys 


Alloy % Sb io a b 
1 0 1.810 0.50 0.120 
2 1.08 7.5x10™ 0.46 0.130 
3 2.16 1.4x10™ 0.45 0.133 
5 5.76 45x10 0.44 0.136 
Pb(23) 0 0.48 
Sb(23) 100 10° 0.58 
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Table IV. Oxygen overvoltage on Pb-Sb alloys 


Alloy % Sb to a b 
1 0 1.4x10-” 0.55 0.110 
2 1.08 8.9x10™ 0.55 0.110 
3 2.16 2.1x10-" 0.55 0.110 
5 5.76 4.4x10-" 0.55 0.110 


The oxygen overvoltage decreased with time. The 
decrease amounted usually to about 60 mv in 20 hr. 
This decrease has been previously described (13), 
and is due possibly to increased surface area. One 
would also expect different oxygen overvoltages for 
a-PbO, and £-PbO, and therefore a change of oxy- 
gen overvoltage with time as the relative amount of 
the two oxides on the surface changes with time. 
The ohmic component of the overvoltage was only 
about 1 mv (at 3 ma) as determined by the current 
interrupter technique. 

The reversible potential of the oxygen electrode 
(O, + 4H* + 4e > 2H,O) is +1.260 v (for H,SO, sp gr 
1.225) as calculated from data given in references 
(12), (24), and (25). Overvoltage values are given 
relative to this potential. Table IV summarizes some 
results on oxygen overvoltage measurements using 
the same symbols as were used in Table III. These 
measurements have been taken after 20 hr anodi- 
zation with 3 ma. 

After 2 hr of anodization at 3 ma, the oxygen 
overvoltage of pure Pb was 0.840 v. The difference 
in oxygen overvoltage on the single crystal faces 
(100), (111), and (110) of the pure Pb specimen 
were less than 5 mv. The Tafel slope was the same 
for the three planes, namely 0.110. 


Discussion 

During x-ray diffraction analysis of formed posi- 
tive lead acid battery plates, several diffraction 
peaks were noted that did not correspond to any 
known compounds of Pb. Further experimentation 
has positively identified this material as a new crys- 
talline modification of lead dioxide, found independ- 
ently by Cahan in this laboratory and Zaslavsky, 
el al. (26), called a-PbO, for the purpose of dif- 
ferentiating it from the more common tetragonal or 
rutile form, herein called B-PbO.. The a-PbO, has an 


orthorhombic spatial group of Pben (or D..) with 
the axes a = 4.938A, b = 5.939A, c = 5.486A (26). 

Alpha-PbO, has been prepared by several means, 
as indicated in the experimental section. Noteworthy 
among these methods of preparation was the con- 
version of B-PbO, to a-PbO, at a pressure of 125,000 
psi. 

The pattern for a-PbO, also appears on x-ray 
diffraction studies of anodized Pb alloy surfaces. A 
study of Pb strips anodized for varying periods of 
time with current densities between 100 ma/cm* and 
1 ma/cm* shows first the production of an intense 
pattern for PbSO,, a gradual replacement of the 
PbSO, pattern by 8-PbO., and the appearance of the 
a-PbO, pattern along with the gradual disappear- 
ance of the B-PbO, pattern. At higher current den- 
sities, the pattern of a-PbO, becomes more and more 
pronounced. Results of this study indicate that 
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anodic oxidation of PbSO, produces the f-form of 
PbO., while the a-form is produced by the direct 
oxidation of Pb metal to PbO,. Since a-PbO, forms 
directly from the Pb metal, it can be produced at 
potentials between the reversible PbSO,-PbO, po- 
tential (1.685 v) and the Pb-PbO, potential (0.67 v). 
Large hard black nodules consisting primarily of 
a-PbO, have been found in the examination of posi- 
tive grids from lead-acid batteries after removal 
from service. This condition has been noticed by 
other investigators (1,4,27) but has been inter- 
preted as formation of tetragonal PbO. 

The major peak of the powder pattern of a-PbO, 
coincides with the major peak of tetragonal PbO 
(see Fig. 9). The thin films produced on anodization 
of Pb give very diffuse patterns, and in many in- 
stances the major peak is the only one clearly visi- 
ble. It is, therefore, easy to misinterpret the pattern 
of a-PbO, on these films as belonging to tetragonal 
PbO. 

Lander (1, 2,27) and Burbank (4) have postu- 
lated the formation of tetragonal PbO as the result 
of a solid-state reaction between Pb and the PbO, 
formed on anodization. The existence of PbO in a 
strong H.SO, solution is difficult to picture thermo- 
dynamically or kinetically and in no case has any 
tetragonal PbO been detected in this laboratory by 
x-ray diffraction of Pb corroded in H,SO,. Samples 
of Pb anodized for various periods of time have 
been removed from the electrolyte, dried, and 
x-rayed within 5 min. In all cases, the only prod- 
ucts were a-PbO., B-PbO., PbSO,, and no PbO. No 
change in these patterns was detected even after 2 
or more weeks in the dry state. Liberation of iodine 
from KI solutions by these films even after several 
weeks of storage in the dry state indicate PbO, to be 
present. Discharge of these films showed voltage 
steps corresponding to the PbO.-PbSO, potential. 
Even samples which showed no £-PbO, pattern 
after anodization liberated iodine from KI solutions 
and showed the PbO,-PbSO, potentials during dis- 
charge. 

The following mechanism is proposed for anodic 
corrosion. In the initial stages of anodization (Fig. 
3) PbSO, is first formed from the Pb at the Pb/ 
PbSO, potential. As this film is completed, the po- 
tential rises to the oxygen overvoltage value, where 
two reactions occur. PbSO, is converted to £-PbO., 
and the underlying grid metal, due to the high po- 
tential, is converted directly to a-PbO, according to 
a Cabrera-Mott type film formation. As the anodiza- 
tion progresses, the PbSO, is used up in the produc- 
tion of B-PbO,. 

Referring to Fig. 5 and 6, the total discharge time 
cannot give a correct measure of the anodic corro- 
sion without taking into account the self-discharge. 
The results demonstrate that additions of Sb up to 
3% strongly decrease anodic corrosion, whereas 
practically nothing is gained by further addition of 
Sb up to 11%. This behavior can be explained 
plausibly by keeping in mind that the solid solu- 
bility of Sb in Pb is 3%. For concentrations above 
3% Sb all the alloys in the range studied have the 
same basic grain structure, the only difference being 
the relative proportion of free Sb in the interstices 
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(28). It has been reported elsewhere that self-dis- 
charge increases with increasing Sb concentration 
(29). Therefore, by correcting the upper curve of 
Fig. 5 for self-discharge according to the procedure 
described in Fig. 7, one would obtain a leveling out 
of the corrosion curve. Indeed, such a correction 
could change the shape of the curve remarkably. 

The corrosion results described above do not 
agree with those of Kabanov, et al. (6). This might 
be due to the fact that the latter authors used sur- 
faces as-cast rather than microtomed and surface 
film effects might have interfered. These authors 
also neglected self-discharge and inefficiency of dis- 
charge. 

The equilibrium value for the solubility of Sb in 
Pb is only 0.24% at 25°C (14). During the cooling 
and aging period, Sb crystals are precipitated from 
the 3% phase. The structure of the Pb grains, and 
hence the rate of corrosion, is the same for all the 
alloys with Sb concentration above 3% if the 
cooling rates are the same. Using conventional cool- 
ing rates, a major amount of Sb remains initially in 
solid solution and the lattice constants substantially 
decrease (14). According to the laws of electro- 
chemical kinetics, the anodic corrosion in constant 
current experiments should increase with increasing 
potential (if passivation is not interfering) and 
with decreasing strength of the metallic bond. The 
addition of Sb causes a deformation of the Pb lat- 
tice and probably high bond strength. 

It has been shown that the hydrogen overvoltage 
decreases with increasing strength of the bond be- 
tween the metal atoms (7) while lower overvoltage 
values could be associated on this basis with higher 
corrosion resistance. One also must keep in mind 
that free Sb metal has a lower hydrogen overvoltage 
than Pb [Table III (23) ]. 

Oxygen overvoltage can also be correlated to the 
rate of corrosion. According to the rate equation for 
electrochemical anodic attack the corrosion current 
depends exponentially on the electrode potential if 
no passivating effects interfere. Alloys with low 
oxygen overvoltage, therefore, should be more re- 
sistant to anodic corrosion during constant current 
experiments. Calculations from data on single crys- 
tals presented in Fig. 9 show that the (100) and 
(111) faces have practically the same corrosion re- 
sistance while the (110) face is more corrodible. 
McGivern, working with cylindrical single crystals 
has also concluded that the (110) face is least re- 
sistant to corrosion (30). 
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Ww ABSTRACT 
e- The oxidation of iron-nickel alloys of 30%, 41%, and 78% Ni content has 
nt been studied at temperatures of 600°, 700°, 800°, and 900°C by the electron 
'S- diffraction technique. A special furnace was developed for the electron diffrac- 
nd tion instrument for these experiments. 
e- Usually more than one oxide was present on the alloy at these elevated 
le. temperatures. Unlike the conclusion drawn from exclusively room temperature 
ss observations, the predominant oxide on the 30% and 41% Ni alloys was the 
ferrite (Fe,O, or NiFe.O,) rather than alpha-Fe.O,. At 700° and 900° both NiO 
- and MoO; exist on the 78% alloy. (This alloy contains 3.8% Mo.) The pres- 
ence of MoO; above its melting point and where it exerts considerable vapor 
pressure is difficult to explain. 
In some cases the lattice spacings of the alloy structure are carried over 
H. into the first formed oxide film. With subsequent growth the spacings achieve 
n, the normal (x-ray) values for the oxide. 
of 
y- Iron and nickel form a continuous series of solid loys is thus of practical as well as theoretical in- 
i solution alloys, both components of which are oxi- terest. 
G. dizable. Such alloys, often with the addition of The examination of oxide films by the electron 
Be other elements, provide materials of considerable diffraction technique is of particular value in oxi- 
engineering usefulness because of their magnetic dation work because the electron beam penetrates to 
characteristics, thermal expansion coefficients, abil- a depth of less than 50A. As has been pointed out 
“1 ity to form glass-to-metal seals, or general corrosion before (1,2) maximum information is obtained 
: resistance. The study of the oxidation of Fe-Ni al- when the measurement is made at the temperature 
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Fig. 1. High temperature electron diffraction furnace; 1, outer 
radiation shield—stainless steel; 2, inner radiation shield—Pt; 3-4, 
outer radiation shield end caps with apertures—stainless steel; 
5-6, inner radiation shield end caps with apertures—Pt; 7, furnace 
body—ceramic; 8, insulator—ceramic; 9, heater solenoid wound on 
ceramic spool—Pt; 10, thermocouple—chromel—alumel; 11, locator 
and shield—Pt; 12, sample; 13, spring for positioning sample— 
stainless steel; 14, sample tray—Pt; 15, screen—Pt; 16, leads—Pt. 


of reaction. The transformations and decomposi- 
tions that take place upon cooling from the reaction 
temperature to room temperature may mislead one 
in the interpretation of the reaction mechanism. 

This paper reports an electron diffraction study 
of the oxidation of three commercial Fe-Ni alloys at 
600°, 700°, 800°, and 900°C. The purpose of the 
study was to achieve a better understanding of the 
structure of the oxide films formed on these alloys 
to add to the over-all knowledge of the mechanism 
of the oxidation of alloys. 


Experimental 


Electron diffraction equipment.—For the oxida- 
tion studies, a furnace originally designed for use in 
vacuum up to 1000°C was modified. W and Ta parts 
were replaced by Pt in regions of highest tempera- 
ture and by stainless steel in the cooler areas to in- 
sure resistance to oxidation. This unit has produced 
a sample temperature of 900°C for a number of 
hours and 1000°C for a short time with no evidence 
of deterioration. The furnace construction is shown 
in Fig. 1. 

Alloys.—The Fe-Ni alloys were nominally 30, 41, 
and 78% Ni in composition. Since they all contained 
more than 29% Ni, they were assumed to be aus- 
tenitic. All three alloys are manufactured commer- 
cially and used because of their special physical 
properties. They were obtained in the form of cold- 
rolled sheet stock, thickness 0.051 cm (0.020 in.) for 
the 30 and 78% Ni alloys, and 0.080 cm (0.031 in.) 
for the 41% Ni alloy. Small sections, 0.80 x 1.60 cm 
(5/16 x 5/8 in.), were sheared from the stock for 
oxidation in the furnace. Careful shearing was 
necessary to insure flatness of the samples, and all 
edges were deburred to prevent obstruction of the 
electron beam by edge particles. 

After shearing, samples were heat treated for 2-3 
hr in H., dew point 30°F, at 1100°-1125°C. They 
were then cooled in H, to room temperature. 
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Surface preparation.—The chemically cleaned 
surface was prepared by pickling at 80°-90°C for 
2 min in a bath of nine parts water and one part 
each of concentrated H.SO,, HNO,, and HCl. This 
was followed by a water rinse and a bright dip in a 
solution of two parts concentrated H.SO, and one 
part HNO,. A second rinse was followed by immer- 
sion in NaCN solution (5 g/100 ml) for about 1 hr. 
Samples were then washed in running water, dried, 
and stored in dry acetone or benzene. At this point, 
the surface possessed a matte appearance. Com- 
position of the alloys in the chemically cleaned con- 
dition is shown in Table I. 

Electrox diffraction studies——Patterns were first 
taken at roo: temperature and a pressure of 0.01 
-0.1 » Hg. The sample was brought up to 600°C and 
a pattern obtain.ed before oxidation. The alloy was 
then oxidized at 600°C by introducing air to bring 
the system to atmospheric pressure and maintaining 
at temperature and pressure for 2 min. The system 
was then evacuated and a pattern obtained. This 
was repeated to effect oxidations for additional 10- 
and 20-min periods, patterns being recorded for 
each time interval. (Total oxidation time at the 
end of each period was 2, 12, and 32 min.) The sam- 
ple was then allowed to cool in vacuum and a pat- 
tern obtained when room temperature was reached. 
A similar procedure was used for studies at 700°, 
800°, and 900°C. 

The approximate times for the various operations 
in the electron diffraction unit were: 25 min to 
bring the sample to temperature in vacuum, 5 min 
to evacuate from atmospheric pressure after an 
oxidation period to obtain a pattern and 4 hr to cool 
the sample to room temperature in vacuum after 
oxidation. Heating and cooling periods varied some- 
what depending on the temperatures. 


Results 
Oxides Found on 30% Ni-Fe Alloy 


Observations made on oxide films developed dur- 
ing the oxidation of the 30% Ni alloy are given 
schematically in Table II. The “before oxidation” 
column refers to the situation wherein the sample 
was heated to temperature in the vacuum of the 
instrument, and any oxidation at this stage was not 
deliberate but occurred as the result of oxygen pres- 
sure in the vacuum. The “first formed oxide” refers 
to the 2-min oxidation only. Usually the 12- and 
32-min diffraction patterns supplemented each 
other, and the “thicker oxide” column in the table 
then was based on the composite data for these two 


Table |. Composition of alloys studied 


Alloy A B Cc 
Nominal Ni content 30% 41% 718% 
Ni 29.6 40.9 78.0 
Fe balance balance 17.4 
Mn 0.57 0.49 0.73 
¢ 0.010 0.012 0.010 
Mo 3.80 
Ss 0.012 — 0.009 
Si 0.17 0.14 0.13 


0.02 0.02 0.02 
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Table Il. Patterns found on 30% Ni-Fe alloy 


Temp, °C Before oxidation First formed oxide a. Thicker oxide a. 

600 Alloy pattern Distorted Less than Fe,O, and Fe.O; 1000 
—F e,0; or Fe,O, Fe,O, or Fe.O; 500 

700 Distorted alloy Distorted 1000 Distorted 2000-3000 
pattern Fe.O; Fe,O, 

800 Alloy pattern Fe.O; (possibly 2000 Fe,O, 4000-8000 
(trace Fe.O; or Fe,O,) Fe,0O,) 

900 Alloy pattern Fe,O, 5000 FeO, 10,000-20,000 
(trace Fe,O,) (possibly Fe.O;) 


* This was based on the kinetic equation developed in a parallel investigation. 


time periods. On a few occasions, however, one or 
the other of these two time periods produced a very 
poor pattern, and in those cases “thicker oxide” 
refers to the good pattern only. 

When the alloy was heated to 600°C, the diffrac- 
tion pattern was that of the alloy plus a few lines 
corresponding to Fe.O, or Fe,O,. (In this paper, Fe.O, 
refers to the alpha form only.) The pattern obtained 
after the 2-min oxidation was quite distorted and 
could be assigned to Fe.O, or Fe,O,. As used here, 
“distorted” means the spacings of the lines were 
shifted from those found in the corresponding x-ray 
pattern probably because of altered lattice para- 
meters. Upon oxidation for longer times, a very 
good pattern for Fe,O, developed, and there was 
strong evidence for Fe,O,. 

All patterns at 700°C were distorted although dis- 
tortion lessened with increasing thickness. The best 
pattern fit for the thicker films was Fe,O,. This film 
showed Fe.O, as well as Fe,O, at room temperature. 
Generally patterns were not obtained at room tem- 
perature. 

At 800°C the alloy pattern and a few oxide lines 
were apparent. After 2-min oxidation, the pre- 
ferred oxide was Fe,O,. The thicker film was Fe,Q,. 

At 900°C the preferred oxide was Fe,O,. The alloy 
pattern was observable at temperature “before oxi- 
dation.” The presence of Fe,O, was also indicated. 


41% Ni-Fe Alloy 

When this alloy was heated to 600°C in the in- 
strument vacuum, the alloy pattern as well as a few 
lines for Fe,O, were obtained as shown in Table III. 
With continued oxidation, both oxides NiFe,O, and 
Fe,O, appeared. From the electron diffraction pat- 
terns it was not possible to distinguish between 
Fe,O, and NiFe.O,. However, previous investigation 
(3) had shown that the composition of the ferrite 


was NiFe,O,. Both Fe.O, and the ferrite existed even 
in the first formed oxide films. 

A pattern was obtained on the alloy before heat- 
ing to 700°C. In addition to the alloy pattern, oxide 
lines were seen. It was interesting to note that 
heating to 700°C caused a distortion of the spacings. 
At 700°C the predominant oxide was the ferrite. In 
several incidents, the lines for the ferrite were dis- 
torted. As the oxidation progressed, a given spacing 
was seen to increase or decrease to approximate 
more closely the spacing reported from x-ray data. 

At 800°C both oxides NiFe,O,, and Fe,O, were in 
evidence. 

When the sample was heated to 900°C in the in- 
strument vacuum the alloy structure was covered 
by NiFe.O,. The ferrite was produced first at low 
oxygen pressure. Certain strong lines observed in 
the first formed films were carried through on oxi- 
dation and continually distorted. In the thicker 
films both NiFe.O, and Fe.O, were present as shown 
by “unique” lines. 

A general observation appears to be that both 
oxides, NiFe,O, and Fe,O,, grow on the 41% Ni-Fe 
when oxidized at these temperatures. 


78% Ni-Fe Alloy 


In addition to Ni and Fe, this alloy contained 
3.8% Mo which entered into the reaction. Electron 
diffraction results are listed in Table IV. 

A very good pattern for the alloy was obtained 
when the strip was examined at 600°C before oxi- 
dation. As oxidation proceeded, the alloy pattern 
distorted toward that of Fe,O, and additional lines 
began to fill in the pattern. The distortion and addi- 
tion of lines continued until the pattern from the 
thickest film gave excellent agreement with Fe,O,. 
This Fe,O, probably contained considerable Ni. 


Table III. Patterns found on 41% Ni-Fe alloy 


First Estimated Estimated 
Temp, °C Before oxidation formed film thickness, A Thicker film thickness, A 

600 Alloy pattern NiFe.O,, Less than NiFe.O,, Fe.O; Less than 1000 
(Fe.O;) Fe.O; 500 

700 Alloy pattern NiFe.O,, Less than NiFe.O, 1000-2000 
(Fe.O;) (Fe.0;) 1000 

800 Alloy pattern NiFe.O,, 1500 NiFe.O,, Fe.O; 3000-6000 
(Fe.Os, NiFe.O,) Fe.O; 

900 NiFe.O, NiFe.O,, 4000 © NiFe.O,, Fe.O; 10,000-20,000 


Fe,O; 
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Table IV. Patterns found on 78% Ni-Fe alloy 
Estimated Estimated 
Temp, °C Before oxidation ___ formed film thickness, A Thicker film thickness, A 
600 Alloy pattern Distorted Less than Fe,O, Less than 
alloy pattern 500 500 
700 Distorted alloy Distorted Less than NiO, MoO, 1000-2000 
pattern, MoO, NiO, (MoO,) 500 
900 Alloy pattern, MoO., (NiO) 1000-2000 NiO, (MoO,) 3000-10,000 
MoO, 


At 700°C before oxidation, the pattern showed 
lines from the alloy and from Mo0O,. In the first 
formed film a distorted NiO was observed along 
with lines for MoO,. There was good evidence that 
the NiFe.O, characteristic of oxidation on the 41% 
Ni alloy was also present. The thicker film appeared 
to be a mixture of MoO, and NiO, the lattices of 
which were distorted. 

At 900°C “before oxidation” the lines for the alloy 
were observed. The alloy appeared to be covered 
with a thin layer of MoO, which was distorted. In 
the first formed film a very good pattern for MoO, 
was obtained. Upon further oxidation NiO predomi- 
nated. The thickest film appeared to be composed of 
NiO with a trace of MoO,,. 


Discussion of Results 


Generally the electron diffraction patterns were 
of fair quality with respect to number and intensity 
of lines. Agreement with ASTM x-ray standards 
was almost always within 2-3% which is good con- 
sidering the possibility of compounded deviations 
resulting from the inherent inaccuracy of the elec- 
tron diffraction technique, the elevated tempera- 
tures, and distortion of oxide layers by substrates. 
The best patterns were obtained at 600° and 700°C, 
the room temperature, 800° and 900°C, patterns 
being less definite. There were no unidentified lines. 
Because of the shallow penetration of the electron 
beam, these patterns identified the surface structure 
only. 

The ASTM x-ray standards used for comparison 
were those for Ni, NiO, NiFe,O,, Fe, FeO, a-Fe.0O,, 
y-Fe.O,, Fe,O,, MoO., MoO,, and NiMoO,. Alloy pat- 
tern standards were obtained from an examination 
of the alloys with a G-E XRD-3 unit and a SPG-2 
spectrogoniometer head. 

The studies demonstrated quite well that at these 
elevated temperatures more than one oxide layer 
was present even on fairly simple binary alloys. 
Unlike the conclusion to be drawn from exclusively 
room temperature observations (3), the predomi- 
nant oxide on the 30% and 41% Ni alloy was not 
the a-Fe.O, species, but rather the ferrite structure. 
Other chemical analyses (3) have shown the ferrite 
on the 41% Ni alloy to be NiFe.O, rather than Fe,O,, 
and it might be inferred that the oxide produced on 
the 30% Ni alloy contained appreciable Ni. 

The oxide layer produced on the 78% Ni alloy 
was complex. At 600°C the growth of the thin film 
was influenced by the structure of the alloy and 
the thick film by the ferrite structure. The ferrite 
probably contained considerable Ni. At. 700°C there 
was evidence for MoO, along with NiO. Thus, the 
mechanism of oxidation must certainly change be- 


tween 600°C and 700°C. More surprising, excellent 
agreement with the MoO, pattern was found for thin 
films at 900°C. The melting point of MoO, is 795°C 
and present thought (4) suggests that the formation 
of MoO, at temperatures above its melting point 
should lead to catastrophic oxidation of alloys con- 
taining Mo, whereas a stable compound such as 
NiMoO, must be produced to prevent catastrophic 
attack (5). In our case the nickel molybdate was 
definitely absent, but the 78% Ni alloy was the most 
resistant to oxidation of the three alloys studied as 
shown by kinetic data. The thick film showed less 
positive evidence for MoO, so the volatile oxide was 
eliminated as oxidation continued. This elimination 
could result by evaporation of MoO, from the sur- 
face followed by more rapid diffusion of Fe or Ni 
through the remaining oxide layer to give an oxide 
containing one or both of those atoms rather than 
Mo. 

Although agreement of some electron diffraction 
patterns of the 78% Ni alloy was excellent with re- 
spect to MoO,, almost equally good agreement was 
obtained for those same patterns with y-Fe.O,. How- 
ever, y-Fe.O, is not stable at 500°C or higher (6, 7). 

It is encouraging that the pattern for the basis 
metal was obtained at these elevated temperatures 
in the oxygen pressure characteristic of the instru- 
ment. While less than 0.1 y, this pressure would be 
termed high in terms of oxidizing potential (7). 
Even so, usually good patterns for the alloy itself 
were obtained. In many cases a few lines of an 
oxide were obtained in addition. It is possible that 
some reduction of the oxides by the carbon in the 
alloy was taking place (8). 

Many patterns were distorted. This distortion 
could be accounted for in different ways. In at least 
one instance the distortion was produced by heating 
the sample from room temperature to 700°C. Very 
often the “d” spacings for the alloy were carried 
over to influence the “d” spacings of the oxide and a 
trend in distortion occurred. The termination of 
this trend in spacings was the x-ray spacing for 
the oxide. An excellent example is shown in Fig. 2 
for the 78% alloy at 600°C. 

The evidence in Fig. 2 indicates that in the growth 
of an oxide film, there is formed on the surface a 
series of structures with continuously varying para- 
meters which change from those of the alloy when 
the film is thin to those of the oxide when the film 
is thick. Apparently this transformation can be com- 
pleted at a thickness less than 500A, and the inter- 
mediate values of parameters would cause an error 
in the estimated values of film thickness based on 
the assumption that the film was entirely oxide of 
normal density. As the film increases in thickness, 
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Fig. 2. Change in surface structure with oxidation on 78% Ni-Fe 
alloy at 600°C; (a) x-ray diffraction, alloy, chemically clean, 25°C; 
(b) electron diffraction, alloy, chemically clean, 600°C; (c) elec- 
tron diffraction, alloy, 2 min in air, 600°C; (d) electron diffraction, 
alloy, 12 min in air, 600°C; (e) electron diffraction, alloy, 32 min in 
air, 600°C; (f) x-ray diffraction, Fe,O,, 25°C. 


these intermediate parameter values are probably 
retained by that portion of the film near the alloy- 
oxide interface. 

It would be of interest to know what alloy spac- 
ings were being distorted to the new oxide spacings. 
In a majority of the cases the trend in distortion 
could not be followed over the entire range because 
of multiple oxides or incomplete patterns. In the 
case of Fig. 2, the alloy planes 111, 200, 220, and 311, 
respectively, went to oxide planes 222, 400, 440, and 
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444 if the dotted lines are correct. Further work on 
orientation influences will be carried out in this lab- 
oratory. 

In these studies it was difficult to distinguish be- 
tween Fe.O, and NiFe.O, (or Fe,O,). Certain char- 
acteristic or “unique” lines were used to establish 
the presence of one or the other of these compounds. 
These lines were usually quite strong and were not 
ambiguous. For the nickel ferrite, a spacing at about 
1.95 was significant. For Fe.O,, a “d’”’ spacing at 1.84 
was used. These varied from sample to sample; for 
example, the characteristic ‘“d’” spacing for the 
NiFe.O, compound occurred at 1.97, 1.96, 1.91, 1.92, 
and 1.93 in various samples. 

Observations reported at the present time are be- 
ing used along with kinetic studies to establish the 
mechanism of oxidation of these alloys. 
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Dissolution of Iron in Acidified Chromic Chloride Solutions 


Robert Skomoroski and Cecil V. King 


Department of Chemistry, New York University, New York, New York 


ABSTRACT 


The rate of dissolution of iron from rotating cylinders was studied in 4M 
HCl containing purple and green CrCl,, also AlCl; and NaCl up to 0.2M. These 
salts affect the rate of dissolution somewhat, but chromic ion does not undergo 
reduction. While the standard potentials predict that reduction is possible, the 
actual potential of iron in acid solutions is not sufficiently negative. Cathodic 
polarization did not accomplish direct or indirect reduction of chromic ion, 
but only cathodic protection of the iron. It was also shown that metallic iron 
catalyzes the oxidation of chromous ion by hydrogen ion. 


The dissolution of Fe in HCl-CrCl, solutions was 
studied in order to compare the reaction with that 
of Zn and Cd under similar conditions (1,2). From 
the published “standard” potentials, the equilibrium 
constant of the reaction 


Fe + 2Cr*** = Fe** + 2Cr* (1) 


is found to be about 10, indicating nearly complete 
reduction of chromic ion by Fe to be thermody- 
namically possible. However, the actual potential 
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of Fe in acid solutions is always polarized cathodi- 
cally by the H, evolution reaction, and is insensitive 
to ferrous ion. Reaction (1) then cannot take place 
unless the measured potential is not a determining 
factor, or the chromic ion acts as a depolarizer. 

Chromous ion is thermodynamically unstable in 
acid solutions, the potential of the reaction 


Cr* + H'=Cr*** + (II) 
being given in volts at 25°C by the equation 
E = 0.40 — 0.059 pH — 0.059 log (do,+++/der+) (IIT) 


At pH <6, essentially no chromous ion is present at 
equilibrium (E = 0). Reaction (II) is slow or neg- 
ligible in many solutions and is not catalyzed by Zn 
or Cd, so that it may be neglected in studies with 
these metals (1,2). It is catalyzed by some metals, 
especially Pt (3,4), and, as shown below, by Fe. 
Nevertheless, if reactions (1) and (II) were to take 
place in succession, rates of Fe dissolution and H, 
evolution would be greater than in the absence of 
chromic ion. This research was designed to clarify 
the actual behavior of the system. 


Experimental 

Cylinders of high-purity Fe (SVEA Metal), about 
1.9 x 2.5 cm in dimensions and 15 cm’ in area, were 
rotated in 100 mi of acid solution, deaerated with N, 
as described before (2). The reaction cell was 
thermostatted at 25°C. A small saturated KCl-calo- 
mel cell was inserted for potential measurements, 
IR drop between the Fe cylinder and calomel cell 
being negligible in all cases. The experiments were 
done in 4M HCl to avoid pH changes or surface 
oxide complications. The Fe was polished lightly 
with No. 600 SiC paper before each third or fourth 
run since this gave the best reproducibility. Weight 
loss was determined after 1-hr immersions; it is 
linear with time in similar experiments with HCl 
alone (5). 

Reproducibility was tested by repeating runs 6 or 
7 times in some of the solutions. The average devia- 
tion from the mean varied from 4 to 9%, with a 
maximum single deviation of 17%. Results in other 
solutions are the average of 2 or 3 determinations. 
The rates and the average deviations are similar to 
results reported by Makrides, Komodromos, and 
Hackerman for Fe in HCl (5). 

Table I gives the weight loss in deaerated 4M 
HCl solutions containing green and purple forms 
of CrCl,, also AlCl, and NaCl for comparison. 

Several solutions were tested for reduction of 
Cr*** by introducing excess deaerated K.Cr,O,; solu- 
tion into the reaction cell at the end of the runs. 


Table |. Average weight loss of iron cylinders, mg/cm*/hr; 
peripheral speed 15,000 cm/min; 4M HCI; 25°C 


CrCl, CrCls 
Csait,M Purple Green AICls NaCl 
0 4.3 4.3 4.3 4.3 
0.05 4.3 3.6 4.6 48 
0.10 4.6 3.6 44 ° 4.6 
0.15 4.7 3.1 4.7 4.8 
0.20 5.1 2.9 5.0 4.5 


July 1957 


The excess dichromate was then titrated with stand- 
ard ferrous solution with diphenylamine sulfonic 
acid as indicator. The reducing power of the solu- 
tions averaged 2.9% less than calculated from the 
weight losses (40-50 mg), indicating that only Fe* 
and no Cr** had been formed. 

To test the effect of CrCl, on H, evolution directly, 
strips of Fe sheet of 70 cm* area were rolled into 
spirals and inserted into a reaction flask which was 
connected to a manometer through a flexible glass 
capillary. The solution was introduced, the ap- 
paratus evacuated with shaking, and, after sealing 
from the pump, the pressure rise was followed. Ini- 
tial rates were erratic, but after several periods of 
reading and re-evacuating, reasonably reproducible 
values were obtained. Averages were as follows: 


4M HCl alone 5.55 cm Hg/5 min 
+0.2MCrCl, (green) 4.35 
+ 0.2M CrCl, (purple) 5.70 


While these experiments cannot be compared di- 
rectly with those of Table I, the green CrCl, evi- 
dently decreases H, evolution as well as weight loss; 
the effect of purple CrCl, is within the experimental 
error. 

Potentials and polarization.—The potential of the 
rotating Fe cylinder was measured in deaerated so- 
lutions much as described by Makrides, Komodromos, 
and Hackerman (5). It drifted with time as these 
authors describe, in 4M HCl alone and with 0.2M 
CrCl,, AlCl,, or NaCl present. After 1 hr the value 
was —0.38 to —0.40 v vs. the SCE in all cases. 

Since a more negative potential should be re- 
quired to reduce Cr***, potential and weight loss 
studies were made with the Fe polarized cathodi- 
cally. A vessel containing 1M KCl and a sheet Ag 
anode was connected to the reaction cell through an 
agar bridge (large enough to avoid overheating), 
and current was supplied from dry cells. Since the 
potentials did not change rapidly after 5 min, read- 
ings were taken after holding the current constant 
for that time. Polarization curves are shown in Fig. 1. 

Weight losses were determined at small incre- 
ments of polarizing current, over 1-hr periods as be- 
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Fig. 1. Change in potential for rotating Fe cylinder with polar- 
izing current. 
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fore. The Fe is protected in HCl alone and with both 
forms of CrCl, at 0.2M with any current from 10 to 
75 ma (on 15 cm*), weight losses falling to the 
order of 0.01-0.1 mg/cm’*/hr. Runs up to 8 hr at 75 
ma showed no visual change in color of the solu- 
tions. 

Other experiments.—To test the catalytic effect of 
Fe on reaction (II), 50 ml of 0.2M CrCl, prepared 
by reduction of CrCl, with amalgamated Zn and 
containing about 2M HCl, was brought into contact 
with an Fe cylinder in a Jones reductor tube, and 
stirred with purified N. In 30 min the bright blue 
color had changed to dark green, indicating oxida- 
tion to Cr***. An Fe cylinder was also rotated in 100 
ml of 0.2M CrCl, containing about 4M HCl, in the 
reaction cell, the Fe being polarized cathodically 
with a current of 75 ma. The blue color changed 
to green in the course of 20 min. 

Since the polarographic reduction of Cr*** in 4M 
HCI has not been reported, polarization curves were 
run with 0.002M green and purple forms in 4M HCl 
at 25°C.' The green ion showed a rather poor wave 
starting at about —0.55 v (vs. SCE), with no clearly 
defined reduction plateau or half-wave potential. 
The purple form showed some reduction starting at 
about —1.0 v. Apparently reduction of both forms at 
the Hg surface is slow and the purple form shows 
considerable overvoltage. 


Discussion 


Since Fe catalyzes reaction (II) one cannot expect 
permanent reduction of Cr*** unless the potential is 
in the region of stability of Cr** according to Eq. 
(III). Alternate reduction by unpolarized Fe, re- 
oxidation by H’ does not take place. Cathodic reduc- 
tion followed by reoxidation cannot be tested di- 
rectly, since the amount of H, evolved depends only 
on the number of coulombs passed. 

The potential of the chromic-chromous couple is 
somewhat uncertain, and the values of —0.40 to 
—0.41 given in the literature (6,7) are not strictly 
standard potentials, since activity coefficients in the 
solutions used are not reliably known. If Eq. (III) is 
correct, then in 4M HCl (pH = —0.9) a mixture of 
Cr*** and Cr** at equal activities should be stable at 
—0.71 v vs. the SCE. 

The best work on polarographic reduction of Cr**’, 
for comparison in the present connection, appears to 
have been done by Hamm and Shull (8). This was 
with very dilute CrCl, in 0.1-0.4M KCl and dilute 
HCl. With freshly prepared green solutions, a half- 
wave potential was found at —0.61 v vs. SCE. This 
wave disappeared with time, while another ap- 
peared at —0.89 v in the aged solutions (the hexa- 
aquo ion). The violet ion thus displays an overvoltage 
on Hg even in dilute HCl. Some investigators have 
noted another wave at —1.06 v in purple solutions 


(9). 


1 Experiments by John Gorman, whom the authors wish to thank. 
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No plateaus appear in the curves of Fig. 1, which 
indicates that even in the region of supposed sta- 
bility of Cr** the reduction overvoltage on Fe is 
greater than any overpotential which was imposed. 
However, the oxidation of Cr’ at the Fe surface, 
even with 75 ma of current and a potential near 
—0.85 v, indicates that Cr is not stable at this po- 
tential under the given conditions. 

It is significant that while AlCl, and purple CrCl, 
increase the dissolution rate somewhat, green CrCl, 
decreases it up to 30%. This probably indicates that 
the green ion is strongly adsorbed on Fe, decreasing 
the number of sites at which H* can be reduced 
(polarization of cathodes). While both forms of 
CrCl, react with Cd in HC] solution, the rate of H, 
evolution is diminished (2). Also, while ferric ion 
is reduced by Fe in H.SO,, H,. evolution is decreased 
during this reaction (10). This has been ascribed by 
Gatos to competition for adsorption sites (10). Both 
the dichlorochromic ion and the sulfatoferric ion 
should be more strongly adsorbed than the sym- 
metrical hexaaquo ions. 

This view is supported at least partly by the po- 
larization curves of Fig. 1. The green ion increases 
the H, overvoltage more than twice as much as the 
purple ion does. The question is raised, how can 
the purple ion be adsorbed to some extent, increase 
the H, overvoltage, and still increase the dissolution 
rate? Probably the purple ion is not adsorbed with 
no applied potential, and the green is adsorbed to a 
greater extent when the Fe is polarized. 

It should be possible to investigate the adsorption 
of both chromic ions on Fe by classical or radio- 
tracer methods. It has been shown that chromate 
and dichromate ions are retained on a steel surface 
(11), with the possibility that reduction to Cr*** is 
involved. 


Manuscript received September 18, 1956. This paper 
was prepared for presentation before the Cleveland 
Meeting, Sept. 29 to Oct. 3, 1956. 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1958 
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The Activation and Passivation of Stainless Steel in Aerated 
Sulfuric Acid 


G. H. Cartledge 


Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 


ABSTRACT 


Potential-time curves have been determined at 85°C for a niobium-stabilized 
stainless steel during its transition to the state that is essentially stable in 
aerated 0.1N sulfuric acid. Experiments were conducted both with pre-oxidized 
specimens and with others that were previously saturated with hydrogen by 
electrolysis. It was found that the potential passes through characteristic in- 
flections, and an attempt was made to relate these to the processes with which 
they are associated. In particular, it was found that, for the conditions used, 
there is a “critical recovery potential” above which spontaneous passivation 
occurs, and this potential was shown to be approximately equal to the hydro- 
gen potential for the same conditions. The corrosion rate was shown to be 
characteristically related to the changes in potential. 


When certain types of stainless steel are super- 
ficially oxidized by exposure to hot air and then 
placed in aerated H.SO, under suitable conditions, 
the initially noble system may first become active 
and subsequently return to an essentially stable 
passive state (1). Bonhoeffer and Vetter (2), who 
have studied the analogous phenomenon manifested 
by carbon steel in HNO,, found that radical and 
characteristic changes in potential occur over an 
interval of about 0.5 sec. Berwick and Evans (3) 
studied the ennobling of the electrode potential of 
18-8 stainless steel in aerated H,SO, at 25°C and 
showed that a certain minimum amount of oxygen 
was required to produce passivity. Copper(II) ions 
and iron(III) ions also raise the potential of stainless 
steel and modify corrosion rates (4). The present 
work was undertaken as an introduction to an in- 
vestigation of the mechanism of the action of a va- 
riety of substances on the electrochemical behavior 
of stainless steel in acidic solutions. To understand 
the possible effects of ions or molecules on the po- 
tential of a composite surface like that of a real 
metal, it was desirable to study in detail the proc- 
esses involved in the transition between noble and 
active states of the system in the absence of ions 
other than corrosion products. Preliminary experi- 
ments disclosed conditions under which the activa- 
tion and subsequent passivation by oxygen could be 
followed over much longer time intervals than were 
involved in the carbon-steel HNO, system, thus per- 
mitting a more thorough investigation of the sev- 
eral processes involved. It was found that the po- 
tential-time curves obtained by continuous recording 
showed smooth transitions or inflections that were 
very similar to the familiar titration curves of ana- 
lytical chemistry. The problem, therefore, was to 
correlate these potential changes with the chemical 
processes with which they are associated. 


Experimental Procedure 

The metal used in most of the experiments was 
a Nb-stabilized stainless steel (type 347) having 
the following analysis: C, 0.05; Ni, 9.75; Cr, 18.10; 
Mn, 0.71; Si, 0.59; Nb, 0.57. The metal was in the 
form of cold-rolled, annealed, and pickled sheet 
0.010 in. thick. In some cases the surface was the 
original mill finish; in others it was either abraded 
with 2/0 emery or else electropolished in a mixture 
of H.SO,, H,PO,, and water. The electrodes were, in 
most cases, 1 cm square and had an integral lead 
which was insulated by a coat of glyptal varnish 
dried at 110°C. In preliminary experiments at tem- 
peratures between 25° and 95°C, it was found that 
when such electrodes were placed in 0.1N H.SO, the 
time required for a stable potential to be attained 
diminished with rising temperature. The potential 
became less noble with rise of temperature in the 
aerated acid and became progressively more noble 
when the electrode was repeatedly heated and 
cooled in the acid. The temperature of 85°C was 
selected for most of the experiments as a matter of 
convenience, since this is near the temperature of 
maximum corrosion rate in dilute H.SO, exposed to 
the air and is far enough below the boiling point so 
that excessive evaporation is avoided. At this tem- 
perature the potentials were reestablished quickly 
after any displacement by polarization. 

In those experiments in which an oxide film was 
artificially produced, the electrodes were heated in 
a muffle furnace for times varying between 15 min 
and 40 hr, and at temperatures between 300° and 
450°C. For most of the experiments, the standard 
heating procedure was 2 hr at 445°C. This treat- 
ment produced a brown film on specimens having 
the mill finish, and pure, brilliant gold on electro- 
polished specimens. Evidence that the results ob- 
tained were not influenced by any possible altera- 
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tion of the metal structure by the oxidation was 
found in the fact that similar results were obtained 
in the ultimate spontaneous passivation of specimens 
which received no prior oxidation, although the 
behavior at the beginning of an experiment was, of 
course, different. 

The well-lacquered electrode stems passed through 
rubber stoppers into 150 ml of H.SO, contained in 
a 250-ml, round-bottom flask having three or four 
necks. Through the central neck a glass stirrer was 
passed which operated at approximately 600 rpm. 
The stirring rate was just insufficient to draw bub- 
bles of air into the solution. A bridge containing 
0.1N H.SO, made connection to a reference electrode 
of Ag-Ag.SO, in 0.1N H.SO, maintained at room 
temperature. This half-cell was frequently cali- 
brated against a saturated calomel electrode (S.C.E.). 
Potentials were measured and continuously recorded 
by use of a vibrating-reed electrometer and Brown 
recorder. Pt electrodes (smooth or platinized for dif- 
ferent purposes) were also inserted in the H,SO,. 
It was shown by tests that there was insufficient 
leakage between electrodes to give detectable po- 
larization. Because of the experimental arrange- 
ment employed, all potentials given include a small 
but unknown potential due to the temperature gra- 
dient in the bridge. When desired, dissolved Fe was 
determined spectrophotometrically by use of thio- 
glycolic acid (5). 

All potentials are expressed by reference to the 
saturated calomel electrode. Nobility therefore is 
indicated by potentials that are positive to this elec- 
trode by 100 mv or more. Ennobling and debasing 
are frequently referred to as opposite processes, 
since the meaning of these terms is clear without 
regard to conventions as to signs. Under the condi- 
tions of these experiments the system may be rea- 
sonably stable only in the noble, or passive, region 
(more positive than +100 mv S.C.E.) or in the base, 
or active, region (more negative than —390 mv 
S.C.E.). In the intervening region of potentials rap- 
id transitions of state are occurring. 


General Results 

The different types of potential-time curves ob- 
tained in aerated solutions are summarized in Fig. 
1. Curve 1 represents the behavior of an electro- 
polished and oxidized specimen which passed from 
the air-stable state to the acid-stable state with 
only a slight dip in its electrode potential and with 
only a minimum amount of corrosion. Curve 2 rep- 
resents the other extreme, in which the initially 
noble electrode after a time underwent an abrupt 
activation to a potential at which H, was liberated, 
and after a slight rise in potential continued at an 
active potential with rapid corrosion. After some 
time, passivation was artificially induced in this ex- 
periment by passing a stream of O, through the 
flask. Curve 3 represents a case in which the dE/dt 
value in the base region was slightly positive until 
an abrupt ennobling began which was followed by 
ultimate passivation. Curve 4 represents the be- 
havior of an electrode which was connected to a 
platinized electrode in the same solution throughout 
most of the experiment. In this case the potential 
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Fig. 1. Types of potential-time curves at 85°C, referred to the 
saturated calomel half-cell. 


never reached the region of active potentials and 
there was only a small amount of corrosion. Finally, 
curve 5 shows the behavior of an electrode which 
was saturated with H, by cathodic treatment in very 
dilute NaOH before being inserted into the aerated 
H.SO, solution. Here there was rapid ennobling 
from the initially active potential, with very little 
corrosion. 


Potential-Time Curve for Initially Oxidized 
Electrodes 


As indicated in Fig. 1, curves 2 and 3 represent 
the contrast between conditions which resulted in 
continuous corrosion, in the one case, and in spon- 
taneous recovery with essentially complete stability 
in the other case. Which of the two curves was fol- 
lowed proved to be highly dependent on tempera- 
ture, acidity, concentration of oxygen, and specific 
corrosion resistance of the metallic specimen. Thus, 
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Fig. 2. Potential-time curves for oxidized stainless steel and 
smooth Pt in aerated 0.1N H.SO, at 85°C. The brief inflection 
recorded on the chart at 61 min is indicated on an expanded time 
scale by the dashed curve. 


as 
ng : 
0; 
he 
he 
ed 
re 
in 
ad 
sh 
n= 
at 
he 
ad 
al 
ne 
le 
id 
as 
of 
of 
to 
sO 
1- 
ly 
aS 
in 
in 
1d 
1g 


422 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


ri T T T 
+500 Platinum - 
E 
z Stainless Stee! 
z 
| 
9 
ws o} Halt 7 
| 
Critical Recovery Potential 
w | 
4 
ul Pt - Hydrogen Potential 
pH = 1.46, 85°C 
1.6 
7 
1.2)- 
0.8 }- “Iron Dissolved 
1 
° 4100 200 300 400 
TIME (min) 


Fig. 3. Potential-time and corrosion curves at pH 1.46, 85°C, 
aerated. 


when the temperature was 85°C and the electrolyte 
was 0.1N H,SO,, one specimen of stainless steel (type 
347) almost invariably followed curve 3, whereas 
electrodes cut from a different batch of metal having 
approximately the same analysis invariably followed 
curve 2 under the same conditions. It was found 
that the dE/dt slope in the active region could be 
changed from zero or negative to positive, as a rule, 
by lowering the temperature by 5-10 degrees, or by 
raising the pH by a few tenths of a unit. Other 
means of producing the ennobling artificially are 
discussed later. 

Fig. 2 shows the potential-time curve of a speci- 
men which was abraded with 2/0 emery, oxidized 
for 2 hr at 450°C, and then placed in 0.1N H,SO, at 
85°C, together with a smooth Pt electrode. The be- 
havior shown is typical of numerous experiments 
made under these conditions. The figure indicates 
also the consistently observed visual changes. The 
disappearance of film coloration, particularly on 
specimens that were not abraded, was often spectac- 
ularly abrupt when the brief halt around 0 mv was 
passed. In the numerous experiments of this type, 
the fairly sudden change from a slow to a very rapid 
ennobling of the potential occurred uniformly when 
the rising potential reached —295 +5 mv. This char- 
acteristic potential is called here the “critical recov- 
ery potential”. It was observed to vary slightly 
with changes in pH and temperature. 

Variations in the potential of the Pt electrode are 
also shown in Fig. 2. During the noble period of the 
stainless steel electrode the Pt remained nearly con- 
stant after a few minutes. Its potential fell sharply 
with the activation of the stainless steel electrode 
and underwent subsequent changes that were clear- 
ly correlated with the processes occurring at the 
surface of the stainless steel. 

Fig. 3 shows the results of an experiment of sim- 
ilar character except that the electrolyte was a mix- 
ture of 0.1N H.SO, with 0.1N sodium sulfate in such 
proportions (3:1) that the mixture had a pH of 1.46. 
In this case careful spectrophotometric determina- 
tions were made on the Fe which passed into solu- 
tion during the experiment. As long as the potential 
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Fig. 4. Potential-time and corrosion curves in a hydrogen atmos- 
phere initially: pre-oxidized electrode. 


remained noble, the dissolved Fe was barely de- 
tectable. The break in potential was accompanied 
by the onset of an extremely high rate of corrosion 
and the subsequent diminution in corrosion rate co- 
incided precisely with the passage through the crit- 
ical recovery potential. Chromium and Ni were de- 
termined in only a few instances, since it is known 
(6) that stainless steel dissolves essentially in the 
proportions present in the metal. The relation be- 
tween the drop in potential and increase in corro- 
sion rate is similar to that observed by Schwartz 
(7) in the activation of passive iron. 

In Fig. 4, which is considered more fully later, 
an experiment is shown which was conducted in a 
current of purified H, with an electrode that was 
initially oxidized. The curve shows that the stainless 
steel held its noble potential with no immediate re- 
sponse whatever to the molecular H,. After 15 min, 
the electrode was activated by momentarily short 
circuiting it to a platinized electrode in the same so- 
lution. This electrode was about 800 mv negative 
to the stainless steel and the treatment instantane- 
ously destroyed the nobility. Thereafter, corrosion 
proceeded rapidly. 


Experiments in an Atmosphere of H, 

When the oxide film on the stainless steel elec- 
trode broke down, the potential fell to a sufficientiy 
low value for H, to be liberated. It was suspected 
that the inflections or halts observed in the recovery 
of nobility were somehow associated with the pres- 
ence of hydrogen in the metal and’ with processes 
connected with its displacement by oxygen. For this 
reason experiments were conducted to determine the 
electromotive behavior of electrodes which were ini- 
tially saturated with hydrogen. Such electrodes were 
measured in an atmosphere of purified H., in a 
stream of an inert gas, and also when the solution 
was stirred in contact with air according to the 
standard procedure. 

Cylinder H, was purified by passage through a 
catalytic oxygen remover followed by a solution of 
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Table |. Empirical potential of the hydrogen electrode, 85°C 


Electrolyte pH E (mv vs. S.C.E.) 
0.1N H.SO, 1.25 —284 
0.1N H.SO, + 0.1N 

NaSO, (2:1) 1.50 —303 


chromous chloride in HCl. Abraded electrodes of 
stainless steel type 347 of 2.0 cm* area were used. 
The electrodes were made cathodes in very dilute 
NaOH solution in a porous cup. A Pt anode was 
used outside the cup and current of approximately 
10 ma/cm* was passed for various periods of time 
from 15 min to 48 hr. For the potential measure- 
ments, the electrode was quickly transferred to the 
solution of H.SO, or sulfate mixture which had al- 
ready been brought to temperature and equilibrat- 
ed with the appropriate gas. 

For comparative purposes the potential of a plati- 
nized coil was measured simultaneously to obtain an 
empirical reversible hydrogen potential appropriate 
to the experimental conditions. Table I gives the 
values obtained, the potential being referred to a 
saturated calomel half-cell dipping into the specified 
acid solution at 25°C. It is to be understood that 
hydrogen bubbled over the Pt electrode in the acid 
solution at 85°C and escaped at a barometric pres- 
sure of approximately 740 mm, and that the poten- 
tial difference was measured between this hydrogen 
half-cell and a reference half-cell of Ag-Ag.SO, in 
0.1N H.SO, at 25°C. The Ag half-cell was then 
measured against a calomel half-cell which dipped 
into a 0.1N sulfate solution of the indicated pH 
value. Over the narrow range of acidities involved, 
the variation of potential with pH corresponds to 
that calculated from the Nernst equation within 1 
mv, although pH was measured at 25°C. 

Fig. 4 and 5 show results that are typical of ex- 
periments done in an atmosphere of hydrogen with 
subsequent aeration, Fig. 4 referring to a pre- 
oxidized electrode and Fig. 5 to one that was first 
treated cathodically to saturate it with hydrogen. 
For these experiments the apparatus was equipped 
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Fig. 5. Potential-time and corrosion curves in a hydrogen atmos- 
phere initially: cathodized electrode. 
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with a sampling device for transferring electrolyte 
to or from the flask without admission of air. The 
significant observations in these experiments were 
as follows. (A) The initially oxidized electrode re- 
mained noble until it was momentarily short-cir- 
cuited to the platinized hydrogen electrode. (B) On 
being activated, the preoxidized electrode went to 
a more negative potential than that initially ex- 
hibited by the cathodized electrode. (C) The poten- 
tials of the stainless steel electrodes were negative 
to the platinized electrode and became essentially 
constant during the period of active corrosion in 
hydrogen. (D) The corrosion rate of the oxidized 
electrode immediately after its activation exceeded 
that of the cathodized electrode. (E) The corrosion 
rate increased during periods when the stainless 
steel was short-circuited to the platinized electrode; 
the rate decreased when the circuit was opened. 
(F) The current passing between the stainless steel 
and Pt electrodes was measured by a microammeter 
in one experiment. This current accounted for 75- 
82% of the total corrosion occurring during the 
short. [The calculation was based on the analysis 
for Fe and on the assumption that the metallic 
constituents of the alloy dissolved in the proportions 
in which they were present to give Fe(II), Ni(II), 
and Mn(II) ions. The two percentages shown are 
for the alternative assumptions that Cr(III) and 
Cr(II), respectively, were the immediate products 
of the electrode reaction.] (G) The corrosion rate 
increased temporarily when air displaced the hydro- 
gen atmosphere or when very small amounts of 
H.O, were added. (H) The corrosion rate fell near- 
ly to zero after the potential ennobled past the 
critical recovery potential (Fig. 4). (1) The poten- 
tials showed the characteristic brief halts during 
the ennobling process in air. (J) When a cathodized 
electrode was transferred directly to aerated elec- 
trolyte, ennobling began at once and was quite 
rapid (curve 5 of Fig. 1). (K) In one experiment, 
after the electrode had reached a nearly constant 
active potential in hydrogen, the hydrogen was re- 
placed by an indifferent gas that was freed of 
oxygen.’ The potential of the stainless steel elec- 
trode continued its slow drift to more negative 
potentials. 


Experiments with Composite Electrodes 


When pre-oxidized electrodes were first intro- 
duced into aerated 0.1N H,SO, at 85°C, the potential 
was unsteady, irregular fluctuations of 50 mv or so 
being generally observed for a time. This behavior 
would be expected if the film were heterogeneous, 
so that currents could flow between local cathodes 
and anodes. It was consistently observed that spec- 
imens that were electropolished prior to oxidation 
had potentials 50-150 mv more noble than specimens 
that were not so treated before formation of the 
oxide film. This observation made it possible to 
separate anodic and cathodic processes to a very 
considerable degree by studying the potential of a 
composite electrode made by connecting an electro- 

1 The gas is believed to have been Nz but owing to the erroneous 


labeling of a cylinder that was discovered after completion of the 
experiment it is possible that the gas was A. 
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polished electrode through a microammeter to a 
specimen having the mill finish, both electrodes 
having been oxidized 2 hr at 445°C. The electrodes 
were of 3.74 cm* area each. 

Because the actual extent of the functioning areas 
is unknown, the polarizations measured can have no 
quantitative significance. It was found, however, 
that, when the potentials of the separate compo- 
nents were measured while both were in the noble 
region, the mixed potential of the composite elec- 
trode was almost that of the unpolished component. 
The polarization of the cathodic process therefore 
greatly exceeds that of the anodic process, even 
though the effective anodic area was doubtless very 
much smaller than the cathodic film of the electro- 
polished member. 

A composite pair was observed through the fall 
to an active potential, both the potential and the 
interelectrode current being measured. It was ob- 
served that the current increased rapidly when the 
potential of the anode began to fall, then dropped to 
zero as the electropolished component debased, and 
briefly reversed its direction when the activation 
approached completion. Correspondingly, the elec- 
tropolished component, although normally the more 
stable, lost its golden color while some brown film 
was still visible on the unpolished member. It is 
clear that the loss of nobility is associated with a 
“reductive-dissolution” of the oxide, as demon- 
strated by Pryor and Evans (8) for the case of 
carbon-steel films. As shown by repeated analysis, 
however, a barely detectable amount of Fe passed 
into solution until activation was complete (Fig. 3 
and 4). 


Experiments on the Ennobling Process 


One of the most striking results of the experi- 
ments was the abrupt ennobling that occurred 
whenever the potential reached the critical recovery 
potential. The complexity of the ensuing processes 
is indicated by the two inflections that were gener- 
ally observed before the ultimate passive potential 
was reached. The relation of hydrogen to the per- 
sistence of active potentials is clearly indicated by 
the approximate coincidence of the empirical hydro- 
gen potential with the critical recovery potential 
in the same environment. For these reasons, fur- 
ther experiments were devoted to an attempt to 
explore the factors operative in the ennobling 
process. 

As indicated previously, not all samples of type 
347 stainless steel ennobled spontaneously after de- 
basing into the region of active potentials. The se- 
lected experimental conditions of temperature, acid- 
ity, and oxygen concentration were definitely margin- 
al in this regard for specimens of the alloy employed. 
Thus, in the experiment illustrated in curve 2 of 
Fig. 1, the corrosion potential was essentially con- 
stant at —350 mv, a steady state of some kind having 
been reached. Upon replacing the air with a stream 
of O., immediate passivation was induced. Addition 
of small amounts of other oxidizing agents acted in 
like manner; thus, less than 1 mg of Fe” or of Cu®” 
in 150 ml was found to cause immediate recovery. 
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Addition of 1 mg of Cr* as sulfate had no influence 
on the potential. When the potential of a specimen 
persisted in the active region, passivation could also 
be induced by lowering the temperature 5 or 10 de- 
grees, raising the pH value from 1.25 to perhaps 1.50, 
or, usually, by shorting the stainless steel to a plat- 
inized electrode in the same aerated solution. It is 
clear that all these ennobling procedures affected 
the relative polarizations of the cathodic and anodic 
processes in such a way that the mixed potential 
became more noble. 

In many experiments a smooth Pt wire was used 
to serve as a ferric-ferrous indicator electrode after 
an appreciable concentration of Fe had built up. As 
may be seen in Fig. 3, such an electrode ennobled 
rapidly once the stainless steel electrode passed the 
critical recovery potential and hydrogen ceased to 
be evolved. The Pt soon reached a maximum posi- 
tive potential and then slowly debased until the two 
electrode potentials in time became essentially equal. 
The declining Pt potential indicated that the 
Fe*/Fe* ratio was decreasing as ennobling of the 
stainless steel proceeded, hence the following ex- 
periment was done with radioactive Fe to determine 
whether dissolved Fe ions and the passivating film 
were interacting.’ 


The electrolyte was aerated 0.1N H,SO, and the 
temperature 85°C. In one experiment four abraded 
electrodes of 2 cm’* area each were placed in the acid 
together with a smooth Pt electrode. All four elec- 
trodes were cathodized directly in the solution from 
an external source of current, using the Pt as anode. 
The four electrodes had potentials in the neighbor- 
hood of —310 mv when the current was stopped. 
One pair of electrodes was then held at —324 mv by 
continuing the passage of 0.6-0.8 ma; the other pair 
was allowed to begin the ennobling process while 
stirring of the solution in contact with air was main- 
tained. At this point radioactive Fe (Fe”, Fe”) in 
0.1N H.SO, was added. This Fe had been electro- 
lytically reduced to Fe(II) before addition. After 
the addition (1 mg Fe), the two electrodes which 
were not being cathodized ennobled by about 600 
mv in the next 10 min, while the first pair of elec- 
trodes was held at the base potential. Fifteen min- 
utes after addition of the radioactive Fe all four 
electrodes were removed, thoroughly washed in 
water and acetone, and counted on a beta propor- 
tional counter. As may be seen in Table II, elec- 
trodes 77a, b had a small count; a considerably 
greater count was obtained on the specimens which 
had been allowed to ennoble (77c, d). 


Table II gives also the results of a second experi- 
ment which was done in similar manner except that 
electrodes 77e, f were kept at the base potential only 
6 min before addition of 1 mg of Fe containing 
radioactive tracer. An additional electrode, 77g, 
was first ennobled by heating it in 0.1N H,SO, con- 
taining 1.68 mg of ordinary Fe(III) until its poten- 
tial had passed +350 mv. It was then quickly trans- 
ferred to the acid containing the radioactive Fe and 
held for 15 min at 85°C to determine whether the 


2 The assistance of Dr. Franz A. Posey in this experiment is gladly 
acknowledged. 
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Specimen Condition Total cpm 
T7-a —324 mv 91 
77-b —324 mv 100 
77-c Ennobled 415 
77-d Ennobled 270 
77-e —320 mv 61 
77-f Ennobled 314 
77-g Pre-ennobled 304 
77-g Overnight 466* 


77-g —330 mv, 48 min 82+ 


* Kept overnight in Fe. ® at 60°C, then 1 hr at 85°C. 
+ Same electrode cathodically reduced in radioactive solution. 


surface state of the already ennobled metal was in 
dynamic exchange with the Fe in solution. As seen 
from the table, this electrode also gained radioactive 
Fe amounting to 304 cpm (counts per minute). This 
activity was increased to 466 cpm after the sample 
had stood overnight in the same radioactive Fe solu- 
tion at about 60°C. 

The following experiment demonstrated that the 
radioactive Fe measured in these experiments is 
associated with the noble potential. The same speci- 
men, 77g, was returned to the radioactive Fe solu- 
tion and current of about 1 ma was passed between 
it and the Pt electrode, the stainless steel being the 
cathode. Meanwhile, the solution was stirred in 
contact with air in the usual manner. After the 
potential had been maintained at about —330 mv 
for 48 min the sample was withdrawn, washed, and 
again counted. The activity had reduced to 82 cpm, 
showing that about 83% of the activity previously 
present had gone back into solution. Measurement 
of the potential of a smooth Pt electrode in the same 
solution showed that the Fe was still approximately 
85% in the form of Fe(III). 

The counts of the radioactivity deposited on the 
electrodes cannot be considered precise, but a count 
on the H,SO, solution at the time specimens a-d 
were removed, coupled with an Fe analysis at the 
same time, indicated that the total amount of Fe 
associated with the radioactivity on the metal sur- 
face was of the order of 2-4 x 10” at./cm’, which 
would represent only a small fraction of a mon- 
atomic layer. 

Experiments with numerous other ions such as 
Cu* and Cr.0,> showed that many of them also 
enter into the ennobling process by a reaction that 
deposits some form of the added species almost ir- 
reversibly in the oxide film. These results will be 
reported in a subsequent paper. 


Discussion 

As shown in Fig. 3, the initial potential of abraded 
and oxidized electrodes was almost as noble as that 
of smooth Pt. This potential very generally became 
less noble for a time until its value was in the 
neighborhood of +350 mv, when the rate of debas- 
ing increased greatly. During this rapid fall of po- 
tential a brief, but definite, halt or inflection was 
usually observable, its mid-point averaging 0 mv in 
33 experiments in which it was measurable (Fig. 
2). During this halt the last traces of film coloration 
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disappeared. The visual effect was most noticeable 
with specimens having the original mill finish when 
oxidized, since the irregular disappearance of the 
film left spots of color which flashed off abruptly at 
the end of the halt. One of the inflections observed 
during the subsequent reennobling occurred at ap- 
proximately the same potential (cf. Fig. 2, 4, and 5). 
This behavior closely resembles that observed by 
Flade (9) and by Bonhoeffer and Vetter (2) in con- 
nection with the activation and passivation of Fe. 
With electropolished electrodes, in most instances 
the golden color gradually faded into the bright, 
silvery appearance of the unoxidized metal without 
activation and, hence, with very little corrosion 
(curve 1, Fig. 1). As previously indicated, the 
activation process is doubtless to be ascribed to 
reductive-dissolution of the film by local action. 

While the metal was actively corroding at around 
—330 mv the corrosion rate was shown to be lim- 
ited by the hydrogen polarization, since the rate 
increased when the stainless steel was short-cir- 
cuited to Pt or when oxygen or other oxidizing agent 
was added. The fact that the corrosion rate was 
highest just after activation and higher for the pre- 
oxidized specimen than for a cathodized specimen 
(Fig. 4 and 5) can be accounted for by two consid- 
erations. Immediately after activation the H polari- 
zation has not built up; in this condition the elec- 
trode was shown to have a much higher anodic 
polarization resistance (dE/di) than it had later 
when fully charged with hydrogen. Secondly, it 
has been shown that oxidation of stainless steels 
causes Cr (10) and Si and Nb (11) to pass into the 
film in considerable excess over the proportions in 
which they are present in the metal. The outer 
metallic layer is therefore depleted of these stabiliz- 
ing elements and of higher chemical activity than 
normal metal. This enhanced activity was observed 
also by Vernon, Wormwell, and Nurse (10). 

‘he corrosion rate decreased as the most active 
metal was dissolved (Fig. 3 and 4) and the potential 
slowly became less negative under conditions of 
aeration (Fig. 3). During this period, hydrogen was 
being removed from the surface (a) by reaction 
with oxygen; (b) by reduction of ferric ions present 
in only minute concentration; or (c) by formation 
of molecular H,.. (At more positive potentials the 
hydrogen may also pass back into solution by ioniza- 
tion.) Since ultimate passivation is accomplished 
by reduction of oxygen (3), it is obvious that spon- 
taneous passivation depends on the relative rates of 
the two chief cathodic processes, namely, reduction 
of oxygen and reduction of hydrogen ions. The ex- 
perimental results indicate that, for the present 
conditions, the oxygen reaction becomes preponder- 
ant at the critical recovery potential of —295 mv, or 
just slightly below the reversible hydrogen potential. 

For passivation to result, it is necessary that the 
metal be polarized above this potential for a suffi- 
cient time to remove the hydrogen. The extremely 
rapid ennobling that results when the critical re- 
covery potential is reached is believed to be asso- 
ciated with reaction of oxygen with the active hy- 
drogen on or in the metal to form a peroxy com- 
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Fig. 6. Corrosion rate at fixed potentials (Edeleanu) in relation 
to characteristic potentials observed in the present work. 


pound. The formation of H,O, by reduction of oxy- 
gen at the cathode in electrolysis of dilute H.SO, is 
well established, the yield being very high when 
the current density is low, as it is in the corrosion 
process (12, 13). Such an effect was seen in the 
present experiments in the following way: a Pt 
electrode in aerated H,SO, was at a stable potential 
a few hundred millivolts more noble than a cor- 
roding stainless steel electrode in the same solution. 
When the electrodes were connected, the Pt was the 
cathode of the cell so formed and its potential became 
less noble. When the circuit was opened, the poten- 
tial of the Pt rose at once to a more noble value than 
it had before being short-circuited, and in a few 
minutes returned to the initial stable value.’ On the 
basis of this interpretation, the first halt observed 
after the rapid ennobling above the critical recovery 
potential most probably represents the time re- 
quired for the residual hydrogen to diffuse from the 
interior of the metal. The second halt usually ob- 
served is most likely associated with the building of 
the acid-stable film, in which Fe(III) ions were 
shown to be involved. 

There would seem to be no qualitative or funda- 
mental difference between stainless steel and Fe 
with respect to the essential condition for passiva- 
tion to occur. As has been pointed out elsewhere 
(14), the passivation of Fe can be achieved by at- 
mospheric oxygen provided an efficient inhibitor 
such as the XO," ions or molecules is present. It 
was suggested (15, 16) that these particles are ad- 
sorbed and exert electrostatic forces at the interface 
such as to diminish the chemical activity of the elec- 
trons in the metal sufficiently to prevent the reduc- 
tion of hydrogen ions.‘ The difference between Fe 


* Similar activation of oxygen by hydrogen in Pt was observed in 
the slower conversion of cathodically deposited TcOs into HTcO; by 
aerated water when the hydrogen was removed from the electrode 
before exposure to oxygen. H,Q», rapidly effects the oxidation. 


‘It is to be noted that, in the kinetics of irreversible electrode 
processes, the cathodic consumption of electrons as a reactant may 
be affected by factors that do not appear in the chemical equation 
expressing the electrode process. Such effects may conceivably alter 
the pre-exponential factor as they surely change the activation en- 
ergy in the exponential term. It is in this sense that the term 
“activity” of electrons is used, without assuming any specific mech- 
anism for the effects in question. 
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and stainless steel, therefore, is a quantitative one, 
in that stainless steel may be raised above the hy- 
drogen potential by oxygen without benefit of a 
cathodic inhibitor, as if its electrons already had a 
somewhat diminished chemical activity. To this ex- 
tent there is merit in the electron theory of passivity 
developed by Uhlig and Wulff (17) and by Uhlig 
(18). That the difference is not very large, how- 
ever, is shown by the fact that electrolytic Fe cor- 
roded under the conditions of these experiments at 
a potential only about 200 mv below that of stainless 
steel. 


The present experiments shed light on the results 
of Edeleanu (19), who studied the corrosion rate of 
an 18-8 stainless steel held at constant potentials in 
20% H.SO, (4.61N) at 25°C. For comparison with 
his results, the empirical hydrogen potential under 
his conditions was determined and found to be —217 
mv. The corrosion rates of Edeleanu are shown by 
the points at the left of Fig. 6. The characteristic 
potentials found in the present work are indicated 
at the right. It is clear that the maximum.corrosion 
rate occurred just slightly below the empirical hy- 
drogen potential for 4.61N acid at 25°C. As was 
shown previously, the corroding metal in 0.1N acid 
at 85°C has a potential somewhat more negative 
than the hydrogen potential for the same conditions. 
A potential just under the hydrogen potential would 
then represent the highest anodic polarization that 
could be applied to the metal without going to the 
potential for passivation. 


Manuscript received August 13, 1956. The work on 
this paper was done for the A.E.C. under contract with 
the Union Carbide Nuclear Co. 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1958 
JOURNAL. 
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ABSTRACT 


Studies of the changes in ionic conductivity of anodic Ta.O; films following 
rapid changes of applied voltage or following a heat treatment of the film 
have shown that the activation energy and activation distance for ionic motion 
vary with changes in electric field and temperature. A consideration of these 
results along with other information obtained from the corrosion behavior of 
the films and from x-ray diffraction by the films shows that a mechanism 
proposed earlier to account for ionic conduction in these films requires modifi- 
cation. It is suggested that a change of the applied field changes not only the 
number of conducting ions, as proposed earlier, but also changes the average 
local configuration in the glass-like film and, hence, changes the mobility of 
the ions as well. Transient behavior similar to that shown by the Ta.O; films 
is also shown by anodic films of Al.O, and Nb.O;, but not by anodic ZrOk,. 


According to a recent theory (1) of high field ionic 
conduction in Ta,.O,, the current is carried by inter- 
stitial Ta ions which are created when a Ta ion 
leaves its normal position. The Ta ion vacancies 
left behind act as traps for interstitials, and an 
equilibrium is established when the rates of forma- 
tion and capture of interstitials become equal. The 
equilibrium interstitial Ta ion concentration is field 
dependent. If the field in the Ta.,O,; is suddenly 
changed, a transient current should be observed be- 
cause of the finite time required to establish the new 
equilibrium. If, for example, the field was suddenly 
increased, the initial current would be lower than 
the steady value corresponding to the new field, 
and there would be a measurable increase in the 
current while the new equilibrium was being es- 
tablished. Such transients have been known to 
exist for many years (2); this paper is a report of a 
study of these transients. The data obtained con- 
sidered together with results of x-ray diffraction 
and corrosion studies (3) make it appear unlikely 
that the proposed theory is adequate for the de- 
scription of ionic conduction in Ta.O, films, and a 
modification which takes account of the glass-like 
structure of the films is discussed. Preliminary ex- 
periments using other anodic films are also dis- 
cussed briefly. 

Theory 

Two types of experiments can provide useful in- 
formation. In one type transient currents are ob- 
served at constant voltage and in the other voltage 
transients are observed at constant current. The 
theory for the voltage transient at constant current 
is discussed first. 

Transients at constant current.—According to the 
theory of high field ionic conduction (1), the rate of 
creation of interstitials is given by 


dn, 
(N—n) exp » [—(Q:—q\E)/kT] (I) 


where n is the concentration of interstitials, N is 
the concentration of Ta ions in the film, »v is a fre- 
quency, Q, is the activation energy for creation of 
an interstitial, q is the charge on the ion, \, is the 
distance from the normal position of the ion to the 
top of the activation barrier, and E is the magnitude 
of the electric field. Q; and A, have different values 
in different ranges of field strengths. The rate of 
capture of interstitials is 


AE)kT Il 


where Q is the activation energy for migration of 
an interstitial far from a vacancy and \ is the cor- 
responding activation distance. The equilibrium 
concentration can be found by equating Eqs. (I) and 
(II) and solving for n. 

Now consider an anodic Ta.O, film through which 
a current is passing so that there are n, interstitial 
Ta ions per cubic centimeter. If the field is inter- 
rupted and the specimen is held at a temperature 
T, these ions will move about in the film by dif- 
fusion and eventually will all recombine with va- 
cancies. The rate of recombination will be given by 
an equation similar to Eq. (II1) with E = 0. For zero 
field, however, the capture cross section should be 
considerably larger than for high fields. This can be 
allowed for formally by multiplying the right hand 
side of Eq. (II) by b, where b >> 1. The number of 
ions left at any time t, n,, is found by integration 
to be 
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where y = by/N exp (—Q/kT,). If a constant ion 
currently density, j, is now passed through the film 
the initial field, E,, can be found from 


j = avn, exp —(Q — qaE,)/kT (IV) 


where T is the temperature at which the transient is 
observed. Solving for E; gives 
kT ) Q | 

E, [ m + + In (1+ nyt) (V) 
which shows that when n,yt >>1 a plot of the 
initial field required to give a particular current vs. 
the logarithm of the annealing time should give a 
straight line of slope kT/qa. If the temperature at 
which the transients are observed is constant and 
the annealing temperature variable, a plot of the 
logarithm of the annealing time required to cause 
a given initial field vs. the reciprocal of the absolute 
temperature should give a straight line of slope 
Q/k. It should therefore be possible to determine 
both the activation energy Q and activation dis- 
tance A for the diffusion of Ta ions when they are 
far from any vacancies. From the data on the 
kinetics of growth of the film (4), it would then be 
possible to determine the activation energy Q; and 
activation distance A, for the creation of interstitial 
ions and hence their number at any particular field 
strength. 

It is not easy to obtain an expression for the volt- 
age as a function of time during a constant current 
transient. However, the order of magnitude of the 
duration of the transient can be estimated in the 
following manner. Upon application of a constant 
current to an annealed Ta.O, film the voltage in- 
creases rapidly to a maximum and then decreases 
as new interstitial Ta ions are formed. The time 
required for the complete disappearance of the 
transient depends primarily on the steady field in 
tne oxide when the transient has disappeared. The 
time for the voltage transient to disappear at a con- 
stant current is therefore the same as the corre- 
sponding time for a current transient at the final 
steady field. Rewriting Eqs. (I) and (II) for a con- 
stant field experiment and assuming n << N gives 


dn, 
) 
dn_ 
dt 


where « and £8 are constants. Adding Eqs. (I’) and 
(II’) to obtain dn/dt and integrating gives 


= — exp (—2t af) (VI) 
a+nvVaB 


where n, is the number of interstitial ions present 
initially and t is the time. Eq. (VI) shows that the 
transient will have disappeared almost completely 
when 

3 


Vap 
at which time n = \/a8. From Eqs. (I), (I’), (11), 
and (II’) 


t= 


(VII) 
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VaB = v exp {-[Q, + Q—q(, + A)E]/kT} (VII) 


where E is the steady field after the disappearance 
of the transient. With Eq. 6 of Ref. (1) Eq. (VIII) 
becomes 


VaB = (VIII’) 


Transients at constant voltage.—Analysis of data 
from constant voltage experiments is much simpler 
than with that of the constant current experiments. 
Consider an anodic Ta.O, film which is held at a 
constant voltage. If a current j, is passing through 
the film, a sudden change of voltage will cause a 
sudden change of current to j,. The value of qa is 
now found from Eq. (IV) to be 

kT ji 
q\ = (IX) 


where E, and E, are the initial and final field 
strengths. 

Once the value of gd has been determined from 
Eq. (IX), the activation energy Q can be determined 
by taking several specimens all in the same initial 
condition and recording the initial current upon 
sudden application of a convenient field strength. 
The currents at the same field strength at several 
temperatures can then be determined with the use 
of Eq. (IV), and the activation energy determined 
from a plot of log current vs. 1/T. 


Experimental Methods 


Anodic Ta,O, films were formed on chemically 
polished Ta sheet obtained from Fansteel Metal- 
lurgical Company. This material was the same type 
as that used previously (5). All of the films used in 
the constant current experiments were formed at 
1.56 ma/cm* (specimen area 6.4 cm’*) to 120 v at 
29°C using 2% Na.SO, solution in water, and were 
1760A thick.' As soon as the required thickness was 
reached the cell was short circuited to eliminate any 
changes in the film due to a slow discharge of the 
applied potential. After: formation the films were 
annealed at various temperatures using heating 
baths of water or silicone oil depending on the an- 
nealing temperature. After the anneal a current of 
0.1 ma/cm* was impressed on the specimen again 
using 2% Na.SO, solution at 29°C, and the voltage 
recorded as a function of time on a Brush Recording 
Oscillograph. The zero point of the recorder was 
suppressed so that only about 40 v appeared on the 
scale, and the voltage could be read with an es- 
timated uncertainty of +0.4 v. 

Constant voltage experiments were conducted 
using the same material and electrolytic solution. 
Sudden changes in the applied voltage were made 
with the apparatus shown in Fig. 1. By operating 
switch S the voltage set on the potentiometer could 
be added to or subtracted from that of the constant 
voltage supply. 

Results 

Experiments using constant current.—Fig. 2 shows 
typical voltage-time traces at constant current. Each 
horizontal division represents 0.2 sec, and each 


' Thickncss measured by comparison with optical step gauge (5). 
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Fig. 1. Apparatus used for producing sudden changes in the 
voltage applied across a specimen. 


small vertical division is 1.0 v. The voltage rises 
fairly rapidly, reaches a maximum, and then de- 
creases. The voltage rises slowly because of the 
necessity for charging the condenser formed by the 
system Ta-Ta.O,-solution which has a capacitance of 
0.8 mfd and requires 0.15 sec to reach 120 v at 0.64 
ma. As the voltage approaches the maximum some 
conduction in the film occurs, so that the voltage 
rises more slowly and the maximum is reached in 
all cases at about 0.35 sec. As the conductivity of the 
film increases due to the process responsible for the 
transient the voltage falls, reaches a minimum in 
about 10 sec, and then increases slowly as the film 
continues to grow at a steady rate. The increase 
in film thickness during the transient is only about 
5A, so no appreciable error is made in calculating 
the field if it is assumed that the thickness is con- 
stant. 

The duration of the voltage transients at con- 
stant current, 10 sec, was the same for all specimens 
as it should be according to the theory. With A ~ 
2x 10°, N = 2.3 x 10”, Eq. (VIII’) gives t ~ 8 sec, in 
very good agreement with the experimental value. 

Fig. 3 shows the maximum field reached during 
the transient at constant current against the loga- 
rithm of the time. An approximation to the initial 
field [Eq. (V)] can be obtained by extrapolating 
the voltage time curve back until it meets the volt- 
age time curve for charging the condenser. Data ob- 
tained in this way are shown in Fig. 4, and linear 
field vs. log time plots are obtained. This extrapola- 
tion method is probably fairly good when the maxi- 


Fig. 2. Voltage vs. time at constant current. Upper curve, speci- 
men annealed 1.5 x 10° sec at 100°C; lower curve, specimen an- 
nealed 4 sec at 100°C. Each small division in the vertical direction 
is 1.0 v, and each division in the horizontal direction is 0.2 sec. 
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MAXIMUM ELECTRIC FIELO- VOLTS/A 


ANNEALING TIME - SECONDS 
Fig. 3. Maximum field reached during formation of films at 


constant current after annealing for various times at different tem- 
peratures. 


mum field is small so that the voltage changes 
slowly with time, but is very inaccurate when the 
maximum field is large. 

Fig. 5 shows the logarithm of the annealing time 
required to reach a given maximum field against 
the reciprocal of the absolute annealing tempera- 
ture. Since all of the curves which have a given 
maximum field also have approximately the same 
shape, each maximum field corresponds to a given 
initial field and hence a given state of the oxide. The 
slopes of the curves of Fig. 5 thus are equal to Q/k, 
and activation energies calculated from the slopes 
are plotted vs. maximum field in Fig. 6. It may be 
seen that the activation energy increases with in- 
creasing extent of annealing from about 0.8 ev to 
1.35 ev. 

The activation distance A times the charge q can 
be estimated from the slopes of the curves of Fig. 4 
using Eq. (V). Values of gd thus obtained increase 
from 12 at 190°C to 21 at 29°C, in units of electron 
charges times angstrom units. While these values 
are clearly of the right order of magnitude, they are 
probably considerably too large because of the fact 
that the activation energy increases as annealing 
progresses. 

Dependence of transient on the history of the film. 
—Several experiments were performed using the 
constant current method to determine whether the 
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Fig. 4. Initial field obtained by extrapolation of curves similar to 
those of Fig. 2 vs. annealing time. 
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Fig. 5. Logarithm of the annealing time required to reach a given 
value of maximum field (see Fig. 3) vs. 1/T. 


curve of E,,,. vs. time was sensitive to the previous 
history of the film. Fig. 7 shows typical results. 
Curve 1 is the curve for 140°C from Fig. 3. Curve 2 
is for specimens first held at 190°C for 10 sec to give 
an E,,,x of 0736. Since this E,,,,. would have been pro- 
duced in 250 sec at 140°C, E,,,. was plotted against 
log (time + 250). There is some indication of a 
more rapid initial rate and a slower final rate. When 
the specimens were first held at 80°C until the cur- 
rent was 0.5 ma (curve 3) the value of E,,,. was 
about the same (0.0734) corresponding to 200 sec at 
140°C. Upon annealing these specimens at 140°C, 
however, there is a marked deviation from the pre- 
vious results. Thus, a given value of E,,,. is not as- 
sociated only with a certain number of inter- 
stitials and vacancies, since the behavior of the film 
on subsequent annealing is a function of the manner 
in which the given E,,,. was achieved. The presence 
of history effects makes it possible that the activa- 
tion energies shown in Fig. 6 might be in error. 
Experiments at constant voltage—Fig. 8 shows 
typical current transients at constant voltage. Each 
hoizontal division is 0.04 sec, and each small vertical 
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Fig. 6. Activation energy obtained from Fig. 5 vs. maximum field 
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ANNEALING TIME - SECONDS 
Fig. 7. History effects. Annealing at 140°C alone (curve 1) and 


after annealing 10 sec at 190°C (curve 2) or forming at 0.5 ma, 
80°C (curve 3). 


division 0.05 ma on the upper trace, 0.4 ma on the 
lower trace. There is some oscillation of the oscil- 
lograph pen after the sudden voltage change, but 
the oscillation is damped out in about 0.02 sec and 
causes no difficulty in determining the current im- 
mediately after the voltage change. The major ad- 
vantage of the constant voltage method is that the 
time required to charge the condenser is now only 
about 10“ sec. 

Values of qk were obtained for many different 
ratios of initial and final currents using different 
temperatures. At any one temperature the value of 
q\ was approximately constant, independent of the 
field or film thickness, although there was some in- 
dication that qd was larger when the field before the 
voltage change was smaller. Increasing the tem- 
perature caused an increase in gd from 4.5 e.A 
at 19°C to 6.1 e.A at 100°C as shown in Fig. 9. Other 
experiments designed to detect a dependence on 
specimen history used specimens formed at 29°C, 
10 ma to 1750A, then annealed at 100°C for 5 and 15 
min. Values of gd observed initially in these history 


Fig. 8. Current ys. time at constant voltage. Upper trace, 91°C, 
small vertical division — 0.05 ma, field changed from 0.056 to 
0.0515 v/A. Lower trace, 81°C, small vertical division — 0.4 ma, 
field changed from 0.062 to 0.0575 v/A. Both curves, one horizontal 
division = 0.04 sec. 
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Fig. 9. Variation of qi with temperature 


experiments were 6.3 and 6.5, respectively. As cur- 
rent flowed, however, the values of gd decreased to 
4.7. Thus the value of qa is not a single valued func- 
tion of the temperature but depends on the previous 
history of the specimen. 

To determine the activation energy for ionic con- 
duction several specimens were formed at 1.56 
ma/cm* to 1759A at 29°C in 2% Na.SO,, annealed at 
100°C in boiling water for 5 min, and the initial 
current measured when a suitable field was applied 
at different temperatures. Currents which would be 
produced by a field of 0.058 v/A were then calcu- 
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Fig. 10. Logarithm of the current produced by a field of 0.058 
v/A on specimens annealed 5 min at 100°C vs. 1/T. 
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lated using Eq. (IV) with q\=6.3 as obtained 
above for specimens annealed in this manner. The 
slope of a plot of the logarithm of the current at 
E = 0.058 v/A vs. 1/T (Fig. 10) gives an activation 
energy for ionic conduction of 0.7 ev. The zero field 
activation energy would be 0.7 + 0.058 x 6.3 = 1.06 
ev. Annealing for 5 min at 100°C would result in an 
E,,,.x of about 0.07 v/A (Fig. 3), and from Fig. 6 the 
activation energy would be about 1.2 ev. Thus, con- 
sidering the uncertainty in the annealing activation 
energies caused by history effects, activation ener- 
gies for annealing and for ion conduction appear to 
be the same. The activation energy for ion conduc- 
tion is therefore probably variable, and the value 
of 1.06 ev would be found only for specimens 
treated in exactly the same manner as those used 
above. 

Transient studies using other metals.—It might be 
expected that the kinds of changes which occur in 
anodic Ta.O,; films might also occur in other amor- 
phous anodic films such as Al.O,, Nb.O,, and ZrO.. 
The constant voltage method has been used to deter- 
mine the values of gd for films formed on chemically 
polished Zr, Nb, and Al. For these tests a solution 
of 5% NH,HB,O; - 3H.O in water, with sufficient 
H,BO, to give a pH of 7, was used; all tests were 
conducted at room temperature (26°C). The thick- 
ness of the ZrO, and Al.O, films was estimated from 
capacitance measurements using values for the di- 
electric constant of 20 and 10,* respectively, and are 
fairly reliable. The thicknesses of the Nb.O, films 
were estimated by comparison with the optical step 
gauge for Ta.O, films, and may be in error because 
of differences in the refractive indices for the two 
materials. Results are given in Table I, along with 
the results obtained for Ta. The “effective qv’ in 
the table is found by allowing the transient to decay 
completely, using the ratio of initial to final current 
in Eq. (IX). Values of effective qv agree fairly well 
with those reported earlier by various authors as 
shown in the table. 

The results show that Nb,O, behaves in a manner 
similar to that of Ta,O,, having a small value of qd 
which does not vary with the current density. Al 
and Zr show somewhat different behavior, the 
values of gd increasing with decreasing current den- 
sity. For Zr this increase is probably the result of 
the increasing electronic component of the current 
at small currents; probably only the results at high 
currents are reliable. For Al, on the other hand, the 
current is almost all ionic at all of the current den- 
sities used (12), and the change in qv may be a re- 
sult of an actual change of structure with changing 
current. 

The most interesting part of these data is the 
difference between Zr and the other metals. There is 
almost no transient with Zr, the current immedi- 
ately after the change of voltage being nearly the 
steady value. Attempts to increase any possible 
transient by intermediate annealing were not suc- 
cessful. Also, the value of gd found for Zr is much 
larger than that for the other metals. It may be that 


2 This value for the dielectric constant of anodic aluminum oxide 
was chosen so that the thickness for formation at room temperature, 
. i would be about 13.5A/v, in agreement with the results of 

ass (7). 
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Table |. Results of transient studies using several metals 


Oxide film Current density Initial g\ Effective q\ Values of effective 
Material thickness, A range, ma/cm* eA eA q\ from the literature 
ZrO: 1500 0.007-0.003 4.0 — 
0.3-0.15 5.0 
1.5-1.0 10.8 11.3 11.2 Charlesby (8) 
Al.O; 1200 3.0-1.5 3.3 10.6 
0.3-0.15 4.1 --- 7.5 Charlesby (9) 
0.03-0.015 4.5 12.1 10.5 Guntherschulze 
and Betz (10) 
Nb.O; 1800 0.5-0.2 5.8 12.2 
0.005-0.02 5.8 
Ta.O; 1600 3-1.5 4.6 12.1 11.7 Vermilyea (4) 
0.5-0.2 4.6 12.5 Young (11) 
0.1-0.05 4.8 


the ionic current in the ZrO, film is controlled at an 
interface rather than ir the bulk of the material. 

Except for Zr, however, results show that slow 
changes in the film follow changes in the applied 
field, as for tantalum oxide films. Values of od for 
all except ZrO, are all very reasonable, giving 
values of A ranging from 1 to 1.5A if the full ionic 
charges are assumed. In view of the lack of tran- 
sients in ZrO, films and the very large value of qa 
it would be interesting to make a more thorough 
study of ionic conduction in these films. 


Discussion 

Results obtained from constant current and con- 
stant voltage tests are summarized in Table II. 

Values of gd obtained in constant voltage experi- 
ments are believed to be more reliable. 

The points of agreement between the results and 
theory are that transients which are qualitatively 
of the type predicted are observed, and that the 
duration of the transients agrees with the predicted 
value. There are, however, several serious points 
of disagreement. In the first place, gd varies with 
the temperatures at which it is measured and also 
with the history of the film. Second, the constant 
current transients also depend on the history of the 
film. Third, the activation energy for annealing de- 
pends on the extent of annealing, while, if the only 
process occurring were the recombination of defects, 
it should be constant. Finally, the numbers of de- 
fects, calculated with the values given in Table I 
and using Eq. (5) of Ref. (1), approach the number 
of lattice ions in some ranges of field and temper- 
ature. The theory should apply only to very low 
concentrations of defects, of the order of 10“ or less 
of the number of lattice ions. 

Further evidence which appears to contradict the 
theory has been obtained in tests to determine the 
solution rate of the films in HF (3). It was found 
that the solution rate decreased linearly with log 
time at annealing temperatures from room tempera- 
ture to 330°C. Since the theory predicts that the 
change which is occurring is simply a decrease in 


Table I!. Summary of activation energies and values of q). 


Method Activation energy ev q-e.A 
Constant current 0.8-1.35 12-21 
Constant voltage 1.06 4.5-6.5 


the number of defects, and that the number of de- 
fects is inversely proportional to the time, these re- 
sults imply that the corrosion rate is proportional to 
the logarithm of the defect concentration. It would 
be expected that for small defect concentrations 
the solution rate would be proportional to the num- 
ber of defects rather than to the logarithm of the 
number, and it is therefore difficult to account for 
this behavior unless it is postulated that changes in 
solution rate and rate of ion transport are com- 
pletely unrelated. However, the magnitudes of the 
activation energies for the process responsible for 
the change in corrosion rate are the same as those 
for the change in the constant current transient, 
which indicates that the processes are probably the 
same. 

In addition to the changes in solution rate which 
occur upon annealing the films, it was also found 
(3) that x-ray diffraction patterns from the film 
become somewhat less diffuse upon annealing at 
temperatures between 200° and 600°C. A decrease 
in the diffuseness of the pattern might conceivably 
occur if the concentration of interstitial Ta ions 
decreased as predicted by the theory. It is probable, 
however, that such a change would have to involve 
defect concentrations of about a tenth of a percent 
or more, that is, a concentration so high that the 
theory would not apply. 

All the evidence suggests, therefore, that some 
change other than that of the concentration of de- 
fects alone must be occurring. A modification of the 
theory which can explain qualitatively all of the ob- 
served results follows. The anodic oxide film on Ta 
is amorphous, and appears to be glass like. It is 
assumed that the passage of a current through the 
film produces a change in the local ionic configura- 
tion and that the change is of such a nature that 
conduction is made easier. For example, the current 
flow might change an originally uniform Ta ion 
concentration to one in which the spacing between 
ions varied slightly from place to place in the film, 
with the result that some ions would be located so 
that jumps to a neighboring position would require 
relatively less energy. An increase in the current 
density would be expected to change both the num- 
ber and the activation energy for motion of these 
favorably located ions, the total effect being to in- 
crease the conductivity. This mechanism bears a 
strong resemblance to that originally proposed, since 
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here there are a field dependent number of mobile 
ions which correspond to the “interstitial ions” of 
the earlier theory. The differences are, first, that all 
ions are now supposed to be lattice ions, some of 
which are in favorable configurations for motion 
and, second, that both the number and the activa- 
tion energy for motion of these ions changes with 
the passage of current instead of just the number as 
previously assumed. Support for the reasonableness 
of changes in local configuration is found in the fact 
that changes in local configuration in ordinary 
glasses accompany heat treatments such as rapid 
cooling from high temperature or annealing in the 
transition range of temperatures (6), and the 
changes are believed to be responsible for the ob- 
served variations in density, refractive index, con- 
ductivity, and other properties. 

No quantitative predictions are attempted, but 
qualitatively the explanations of the experimental 
results are as follows. First, consider a constant 
voltage transient experiment such as those de- 
scribed above. When the field is suddenly changed 
there is an instantaneous change in current because 
the effect of the smaller field on the activation bar- 
rier is less. Following the instantaneous change 
there is a slow change in both the number of con- 
ducting ions and in the barriers to their motion 
which makes ionic motion more difficult. The net 
result is that the field has produced a much larger 
effect than that due solely to changing the field on 
the barrier which existed before the voltage change. 
In other words, the effective value of qa, defined 
by an equation similar to Eq. (IX) but measuring 
the final current after the decay of the transient, 
is much larger than the ionic charge times half the 
distance between successive minima in the energy of 
an ion. The change of ga with temperature and the 
history dependence of qd are, according to this 
mechanism, a result of an actual change of activa- 
tion distance with changes in local configuration. 
The range of values of gi, 4.5 — 6.5 e.A, is reason- 
able, particularly since it is possible that the ionic 
charge would be less than five. The value of the 
pre-exponential factor calculated from the data 
shown in Fig. 10 is about 2 x 10", while the value of 
2\vN is about 4x 10” if »v = 5.10”. Thus it appears 
that for Ta.O, films treated in this one particular 
manner only about one Ta ion in a thousand is in a 
favorable local configuration for motion. The values 
of preexponential factors found in the earlier work 
(0.2 x 10” to 2x 10") are difficult to interpret since 
they represent the intercepts of log rate vs. 1/T 
plots for specimens with different local configura- 
tions held at the same electric field. 

When a film is annealed the structure would tend 
to change toward a more stable configuration, so 
that upon re-application of a field the current would 
be smaller. The activation energy for annealing is 
that observed above, 0.8-1.35 ev, and increases as 
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annealing progresses. Annealing and conduction 
may both involve the same sort of atomic move- 
ments, since the activation energies are similar. The 
effect of the history of the film on the annealing 
process is the result of the fact that different meth- 
ods of reaching a state measured by the transient 
behavior result in different local configurations, and 
hence films brought to such a state by different 
methods behave differently on subsequent annealing 
by the same method. 

In addition to producing changes in the rate of 
ionic transport, such changes of local configuration 
would be expected to change the x-ray scattering 
by the film and also the chemical properties of the 
film. Furthermore, there is no reason to suppose that 
such changes would be restricted to annealing in 
any particular small range of temperatures. The 
results of measurements of the solution rate in HF 
and of x-ray scattering by the films are thus in good 
qualitative agreement with this mechanism, since it 
would be expected that the most stable state would 
be one of minimum lattice distortion and would 
show greater chemical stability and give less diffuse 
x-ray patterns. 

If it is accepted that changes in local configuration 
do occur, it is clear that the only experiments which 
can supply easily interpreted information about the 
values of activation distance and activation energy 
are those in which measurements are made on spec- 
imens having the same history and in a time short 
enough so that no changes in local configuration 
can occur. Measurements such as those reported 
earlier (4) for Ta.O, are very difficult to interpret 
in terms of the activation energies and distance ac- 
tually existing at any instant in the film. 
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V. Kinetics of the Reaction between 


Magnesium and Water Vapor 
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ABSTRACT 


The rate of reaction between magnesium and water vapor was studied in 
the temperature range between 425° and 575°C and in the water vapor pressure 
range between 31 and 208 mm Hg. The reaction took place according to the 
linear rate law. Rate constants were found to be linearly dependent on the 
water vapor pressure. The activation energy for the reaction was found to 
vary with both temperature and water vapor pressure, increasing as the tem- 
perature was increased and the water vapor pressure was decreased. This type 
of variation is explained on the basis of a change from a surface to a vapor 
phase reaction due to the very large increase in the vapor pressure of Mg 
metal in the temperature range between 500° and 600°C. 


The kinetics of the oxidation of Mg metal by 
oxygen gas have been studied by many workers 
(1-5). The effect of the presence of water vapor on 
the rate of reaction was also examined in some of 
these researches. The work reported here includes 
the study of the surface oxidation of Mg metal by 
water vapor in the absence of other gases. Reaction 
temperature and water vapor pressure are varied 
independently to determine their influence on the 
rate of reaction. The results of these studies are cor- 
related with the results of the oxidation of Mg by 
oxygen and other metal-gas reactions. 

In the temperature range covered by this work, 
the products of the reaction between Mg and water 
vapor are MgO and H., according to the equation 


Because of the nature of this stoichiometry, the rate 
was followed by measuring the pressure increases 
due to H evolution in a closed system. 


Experimental 
Apparatus 


The apparatus for the study of the reaction of 
water vapor and Mg is depicted diagrammatically 
in Fig. 1. The vacuum apparatus was built around 
a 25 mm OD, Pyrex glass tube (A) which was 
suspended vertically in the center of a 12 gal, con- 
trolled-temperature water bath. A 10 mm, high- 
vacuum grade stopcock (S,) at the top of the tube 
and at the water line of the bath isolated the thermo- 
statted part of the apparatus from the outer vacuum 
pumping system. Apiezon T grease was used to 
lubricate this stopcock, and it was found to hold sat- 
isfactorily at all bath temperatures up to 72°C. The 
lower portion of the tube (A) was connected to an 
opening through the bottom of the bath by means 
of a kovar seal (B) and a stainless steel ball joint 
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(C). The port was fitted with a thin disk which was 
sealed to the glass water bath jar with Apiezon W 
wax to give a water-tight seal. A 35/20 ball joint 
(T,) was an integral part of the stainless steel port. 
The reaction tube (D) was constructed of 24 mm 
OD Vycor tubing and the socket was also made of 
Vycor. The metal sample (F) was suspended in the 
reaction tube by means of nichrome wire, A.W.G. 
34. The sample was insulated from the nichrome 
wire by a small alumina tube placed in a hole drilled 
across one end of the specimen. 
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Fig. 1. Manometric apparatus for the study of the kinetics of the 
reaction of Mg and water vapor. 
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The reaction tube was heated by an electric fur- 
nace (E), the core of which consisted of an Inconel 
tube 18 in. long, with an ID of 1.0 in. The linear 
temperature variation was +0.1°C for a section 4.0 
in. long in the middle of the tube. The furnace had 
a Chromel A heating winding and a Pt temperature- 
sensing winding. An electronic proportioning fur- 
nace controller (6) was used, and the temperature 
in the region of the sample was controlled to better 
than +0.05°C in the temperature range between 
400° and 600°C. 

A recording mercurial manometer (7) was con- 
nected to the vacuum apparatus through a 35/20 
ball joint (T.) using Apiezon W wax. At high bath 
temperatures, breaks occurred in the calibration 
curves when the Hg in the manometer emerged 
above the water line of the bath. A glass jacket 
through which bath water was circulated was placed 
over the manometer tube as shown in Fig. 1. The 
calibration curves were then linear at all bath tem- 
peratures up to 72°C, the highest employed in this 
work. 

A water vapor pressure control unit, following 
the design of Apel (8), was connected to the vacuum 
apparatus through a 35/20 ball joint at (T,). Water 
was pumped from a second controlled temperature 
bath through the jacket enclosing the tube contain- 
ing liquid water (G), thus controlling the tempera- 
ture of the liquid water and, therefore, the water 
vapor pressure. An evacuated jacket was placed 
around the water jacket to insulate the water jacket 
from the surrounding bath. The surrounding bath 
and the reaction tube were always maintained at 
sufficiently high temperatures to prevent condensa- 
tion of water in areas outside the vapor pressure 
control unit. Only the ball joint (T,) was in an 
unthermostatted region, but convection of heat up- 
ward from the furnace was sufficient to prevent con- 
densation in this area. The top of the vapor pressure 
control unit was fitted with a rubber serum bottle 
stopper (H) and covered with Hg to give a vacuum 
tight seal. Water was introduced into the vapor 
pressure control unit through the stopper, using a 
hypodermic syringe (J). The water vapor pressure 
control unit was calibrated for several temperatures 
of the second controlled temperature bath. The 
vapor pressures were reproducible to within +1.5 
mm for successive runs at all temperatures em- 
ployed in this work. The limiting water vapor pres- 
sure for this apparatus was approximately 250 mm 
Hg. The greases and waxes used in assembling the 
apparatus and the pumps used for circulating the 
water would not withstand the temperatures neces- 
sary to produce higher water vapor pressures. Also, 
the increment of change of water vapor pressure 
for small temperature changes became increasingly 
large at higher temperatures, to the extent that 
above 70°C close control with the present apparatus 
was virtually impossible. 


Procedure 
Mg metal, in the form of blocks with the approxi- 
mate dimensions 1 x 1 x 8 in., was obtained from 
the Dow Chemical Company, Midland, Mich. Spec- 
trographic analysis for impurities, furnished with 
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the metal, was as follows: Al, 0.0047%; Ca, 0.01%; 
Cu, 0.009%; Fe, 0.031%; Mn, 0.058%; Ni, 0.003%; 
Pb, 0.005%; Si, 0.001%; Sn, 0.001%; Zn, 0.001%. 
The blocks of Mg were cut lengthwise into four 
pieces and turned into rods. The rods were cut into 
cylinders approximately 4.5 cm long. These speci- 
mens were then finished on a lathe under carefully 
controlled and duplicated machining conditions. 
After this treatment the cylinders averaged 4.1 cm 
in length and 1.1 cm in diameter. They were washed 
in dry, thiophene-free benzene to remove traces of 
surface oil, and were allowed to stand in air until 
needed for an experiment. 


In preparation for a run, the dimensions of the 
cylinders were measured with machinist’s calipers, 
and a % in. hole was drilled across one end of the 
sample to accommodate an alumina tube. The cyl- 
inders were handled with polyethylene covered for- 
ceps to eliminate finger prints on the surface. They 
were etched for 5 min in a solution containing 2% 
HNO, in absolute ethanol, followed by two rinses of 
dry, 1:1 acetone-methanol; then the cylinders were 
placed in a beaker of dry, thiophene-free benzene. 
The alumina tube was positioned in the hole in the 
end of the cylinders, and a nichrome hook, con- 
nected to the nichrome suspension wire, was posi- 
tioned into the ends of the tube. Samples were pro- 
tected from the atmosphere in the benzene bath dur- 
ing these operations. 

After the etching and rinsing procedure had been 
completed, the ball joint on the stainless steel port 
(T,) (see Fig. 1) was heated and de Khotinsky-hard 
cement was applied. After the socket on the reac- 
tion tube had been heated, the sample was taken 
out of the benzene rinse and suspended on a ni- 
chrome wire clip inside the ball joint (C). The re- 
action tube was placed over the sample and sealed 
to the apparatus immediately. After being evacuat- 
ed for about 1 min with an auxiliary pump, and 
with a cold trap to catch the benzene, the apparatus 
was opened to a high vacuum pumping system. 
Pumping was continued for 5 min at 200°C in order 
to outgas the system. Then the system was brought 
to the reaction temperature (425° to 575°C) by 
sliding the furnace up over the reaction tube. By 
continuing the pumping for 5 min more, the pres- 
sure was reduced to less than 10° mm Hg. The ap- 
paratus was isolated from the vacuum pumps by 
closing stopcock (S,) (see Fig. 1) and 1 ml of de- 
gassed water was introduced into the vapor pressure 
control unit. The water vapor pressure correspond- 
ing to the temperature of the vapor pressure control 
unit was attained in less than 3 min, even at the 
highest water vapor pressures. The reactions were 
generally allowed to proceed for 10 hr or longer. 
At the lowest reaction temperatures, the induction 
periods approached 8 hr, and it was necessary to 
increase the length of a run to get suitable rate data. 
At the end of each run, the water vapor, the excess 
liquid water, and the H. were pumped out of the 
apparatus by the auxiliary pumping system. The 
samples were cooled to room temperature in a vac- 
uum, air was admitted to the apparatus, and the 
specimens and products were stored under argon 
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gas for x-ray analysis. The reaction was studied at 
31, 55, 92, 153, and 208 mm water vapor pressures 
and 425°, 450°, 475°, 500°, 525°, 550°, and 575°C. 

At the beginning of each reaction there was an 
induction period. The length of the induction pe- 
riods was a function of the reaction temperature 
and ranged from approximately 8 hr at 425°C to 15 
min at 575°C. During this time the increases in 
pressure were so small that the apparatus was not 
sensitive enough to furnish data for the determina- 
tion of the rate law. Toward the end of the induc- 
tion periods, the rate increased sharply and then 
became constant with time. 

At the end of each run, as the cylinders cooled 
to room temperature, the reaction product on the 
surface of the metal broke away from the cylinders 
spontaneously, exposing etched metal surfaces. The 
coatings were identified by x-ray powder photo- 
graphs for the highest and lowest water vapor pres- 
sures at each reaction temperature. In every case 
the only product was MgO. The gas evolved during 
the reaction was analyzed mass spectrometrically, 
and only H, and water vapor appeared in the samples. 

Reactions of Mg and water vapor of different 
character than described above occurred under con- 
ditions of high temperature and low water vapor 
pressure. These reactions began with the usual in- 
duction period, followed by a sharp increase in the 
rate and the leveling off to a constant rate. How- 
ever, after proceeding normally for periods of 1-4 
hr, depending on the temperature, a second sharp 
rise in the reaction rate was observed. MgO was 
deposited on the walls of the reaction tube following 
each reaction of this type. When the Mg cylinders 
were cooled, most of the oxide coating peeled off 
spontaneously, leaving a sheath surrounding the 
metal cylinders. The metal cylinders could be easily 
lifted out of these sheaths, and the insides of the 
sheaths were found to be lined with Mg crystals. 


MG. H,0 / CM>~“MAGNESIUM 


Fig. 2. Rate data for the reaction of Mg and water vapor at 
525°C and 55 mm water vapor are plotted according to four rate 
laws. 
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The reaction rate always decreased after recrystal- 
lization of Mg began. Due to limitations of the ap- 
paratus and method used in this work, it was not 
possible to determine the rate law governing the 
vapor phase reactions. Rate law determinations in 
this work were limited to reactions in which the 
oxide product was confined to the metal surface. 
Because of the formation of the MgO coating on 
the metal surface, the reaction of Mg and water vapor 
was expected to follow one of the four principle 
rate laws (4, 9, 10) governing gas-solid reactions. 
A plot comparing these laws for the data of a typi- 
cal run is shown in Fig. 2. Water vapor-weight 
values were obtained readily from the knowledge of 
the H. pressure, the volume of the apparatus, the 
area of the Mg cylinders, and the stoichiometry of 
the reaction. It was assumed that the measured 
areas of the cylinders were minimum values and 
that these values were proportional to the true sur- 
face areas by a fairly constant factor. Reproduci- 
bility of the data corroborated this assumption. 
For each run the amount of water vapor reacted 
per cm’ was plotted against the time in hours. Ex- 
amples of these plots for each reaction temperature 
of this study, at a constant water vapor pressure of 
208 mm Hg, are shown in Fig. 3. Rate constants 
were calculated from the slopes of these curves. 
Three or more reactions were carried out for each 
set of reaction conditions. Rate constants for each 
run are listed in Table I with average rates for 
each temperature and water vapor pressure indicat- 
ed. It may be noted that the rate constants at 31 
mm water vapor were greater than for 55 mm water 
vapor at both 525° and 550°C. This was attributed 
to the vapor phase character of these reactions 
which is explained in the discussion which follows. 
Above 500°C, the lower limiting water vapor pres- 
sures for this work were determined by the appear- 
ance of the vapor phase type of reaction. The lower 
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Fig. 3. Examples of the plots of mg water vapor reacted per cm* 
Mg surface against time for each reaction temperature of this study. 
Rate constants were calculated from the slopes of these curves. 
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Table |. Results of rate studies of the reaction of Mg and water 
vopor in the temperature range between 425° and 575°C in the 
water vapor pressure range between 31 and 208 mm Hg 208MM 
Rate constants 4 
Reaction Water vapor Avg. 
temp, °C Press, mm Hg 1 2 3 Mean dev. 
é 153MM 
425 153 0.075 0.097 0.084 0.082 0.007 4 
425 208 0.067 0.078 0.101 0.085 0.013 M4 55 MM 
450 153 0.103 0.103 0.086 0.097 0.008 
450 208 0.131 0.141 0.153 0.141 0.007 : 
475 31 0.041 0.039 0.039 0.039 0.002 id 
475 55 0.055 0.055 0.050 0.053 0.002 ~ 
475 92 0.095 0.097 0.086 0.092 0.004 7 
475 153 0.141 0.138 0.143 0.140 0.002 ‘ 
475 208 0.182 0.187 0.189 0.186 0.002 
500 31 0.068 0.067 0.066 0.067 0.001 ty 
500 55 0.100 0.080 0.109 0.096 0.011 
500 92 0.128 0.125 0.133 0.128 0.002 RECIPROCAL ABSOLUTE TEMPERATURE X 10* 
500 153 0.197 0.190 0.190 0.192 0.003 Fi 
ig. 4. Log k is plotted against the reciprocal of the absolute 
500 208 0.261 0.253 0.253 0.255 0.003 temperature for four water vapor pressures to demonstrate the varia- 
525 31 0.225 0.174 0.122 0.174 0.034 tion of the rate constants with temperature in the Arrhenius equa- 
525 55 0.168 0.165 0.157 0.163 0.004 tion. 
525 92 0.212 0.205 0.211 0.209 0.003 
525 153 0.277 0.284 0.283 0.281 0.002 activation energy above 500°C at all water vapor 
525 208 0.350 0.365 0.362 0.359 0.006 pressures investigated. The trend of all plots in 
550 31 0.337 0.400 0.400 0.379 0.028 Fig. 4 indicates that all activation energies above 
550 55 0.288 0.316 0.337 0.313 0.017 500°C are the same. 
550 92 0.394 aan yoo ried papal In the early part of this work, difficulty was en- 
oo jo pe! byes 0.620 0618 0.004 countered in the development of a method of prep- 
4 : ; aration and handling Mg so that the reaction with 
575 208 1.273 1.200 1.323 1.265 0.058 


limit was 55 mm water vapor at 525° and 550°C 
and was 208 mm at 575°C. Because the apparatus 
was not capable of attaining higher water vapor 
pressures, only one water vapor pressure was ex- 
amined at 575°C. Plots of rate constant against 
water vapor pressure show a linear dependence in 
the temperature range covered. 

Plots of log k against 1/T for water vapor pres- 
sures of 55, 92, 153, and 208 mm Hg are shown in 
Fig. 4. Two straight lines were obtained for each 
water vapor pressure. One of the straight lines 
covers the temperature range between 425° and 
500°C, and the other covers the range between 525° 
and 575°C. Activation energies at the various water 
vapor pressures for the two temperature ranges are 
shown in Table II. 

Activation energies for the water vapor pressures 
below 208 mm were not calculated for the tempera- 
ture range between 525° and 575°C because only 
two points were available for these curves. There 
was a gradual decrease in activation energy with 
increase in water vapor pressure in the lower tem- 
perature range, and there was a sharp increase in 


Table II. Activation energies for the reaction of Mg 
with water vapor 


Activation energy, kcal/mole 


Water vapor 
pressure, mm Hg 425°-500°C 525°-575°C 
55 31.7 + 7.6 — 
92 21.8 + 3.9 _— 
153 15.2 + 2.7 —_ 
208 11.1 + 2.7 33.7 + 1.5 


water vapor would take place. The Mg cylinders 
were etched for 2 min in a solution of 2% HCl in 
ethanol, washed in two baths of acetone-methanol, 
and rinsed in dry, thiophene-free benzene. The 
cylinders were supported in the bottom of the reac- 
tion tube by a small, U-shaped, stainless-steel clip. 
Screws at each end of the clip were used to hold the 
cylinders in place. The cylinders were insulated 
from the clip by ceramic tips on the ends of the 
screws, and the clip served to support the cylinders 
concentrically in the reaction tube. Even with this 
preparation and with the temperature at 525°C for 
periods as long as 20 hr there was no visible evi- 
dence of reaction in over 80% of the trials. In some 
instances the reaction took place only at isolated 
spots on the Mg surface. The metal around the spots 
appeared bright and shiny. Each variable in the 
procedure of preparing for a run was changed inde- 
pendently in an effort to determine the important 
factors involved. None of the variables investigated 
made significant differences as to whether or not the 
reaction took place. When the use of the nichrome 
wire method of suspension of the sample was adopt- 
ed and the HNO, etch was used to replace the HCl 
etch, only about 5% of the specimens failed to un- 
dergo reaction. This phase of the surface oxidation 
of Mg by water vapor warrants further investiga- 
tion. The apparent passivation of the metal under 
certain conditions offers an opportunity for future 
study. 
Discussion 

The oxidation of Mg by water vapor in the tem- 
perature range between 425° and 575°C and the 
water vapor pressure range between 31 and 208 mm 
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Hg can be explained by three different mechanisms, 
all of which are related to the vapor pressure of the 
Mg metal. 

1. In the temperature range between 425° and 
500°C and over the entire range of water vapor 
pressures, the reaction is confined to or takes place 
very near the metal surface. Water vapor diffuses 
readily through the loose oxide structure and reacts 
at the metal-oxide interface. As the water vapor 
pressure is reduced, some Mg atoms actually leave 
the surface of the metal before encountering water 
vapor molecules, and the reaction takes place either 
in the vapor phase within the porous oxide structure 
or on the internal surface of the oxide sheath. This 
concept is supported by the occurrence of a gradual 
increase in the activation energy which is observed 
as the water vapor pressure is reduced in this tem- 
perature range. 

2. In the temperature range between 500° and 
575°C and at water vapor pressures sufficiently high 
to confine the MgO product to the surface of the 
metal cylinders, the reaction takes place intersti- 
tially in the loose oxide coat. The rate of vaporiza- 
tion of the Mg atoms is so great that few water 
vapor molecules ever reach the solid metal surface 
before reaction takes place, and a large water vapor 
concentration gradient exists between the metal- 
oxide and the gas-oxide interfaces. The reaction 
takes place either on the internal surfaces of the 
oxide sheath or in the vapor phase within the loose 
oxide structure. This mechanism explains the sharp 
increase in the activation energy at all water vapor 
pressures above 525°C. 

3. When the water vapor pressure is reduced 
below 55 mm at 525° and 550°C and below 208 mm 
at 575°C, there is no longer sufficient water vapor 
within the oxide coat to react with all of the vapor- 
ized Mg atoms, and these atoms escape from the 
oxide coat. MgO is deposited on the walls of the 
reaction tube, and the reaction takes place either in 
the vapor phase or on the walls of the reaction tube. 
Leontis and Rhines (2) observed a vapor phase re- 
action above 575°C in the oxidation of Mg by 
oxygen. 

The most important factor affecting the reaction 
mechanism in the temperature range of this work 
is the vapor pressure of the Mg metal. The rapid 
rise in the vapor pressure between 500° and 600°C 
is shown by the values given in Table III (11). 

It was interesting to observe that the amount of 
vaporization in these experiments increased after 
the oxidation had taken place for some time. This 
increase in the amount of vaporization was due pre- 
sumably to an increase in the surface area of the 
metal during the oxidation process. The surface of 
the metal under the oxide coat was always roughly 


Table Ill. Vapor pressure of Mg 


Vapor pressure of Mg, 


Temp, °C mm H 
500 0.053 
550 0.190 
600 0.684 
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- etched. Gulbransen (1), by using a vacuum micro- 


balance technique, clearly showed a similar increase 
in the amount of vaporization, after a period of 
oxidation. 

The concept of increase in vaporization with re- 
action on the metal surface serves to explain the 
steps leading to the vapor phase reactions. In these 
reactions the normal induction period is always ob- 
served and the reaction starts off at a constant rate. 
However, as the reaction proceeds, the amount of 
vaporization increases as the surface becomes etched 
by the oxidation process and there is no longer suffi- 
cient water vapor traversing the oxide coat to con- 
fine the reaction to the surface of the metal. When 
this occurs another sharp rise in reaction rate is 
observed. As recrystallization of Mg on the inside 
of the oxide sheath takes place, the rate of reaction 
decreases, presumably because the Mg-lined sheath 
is less permeable to Mg vapor than is the oxide coat. 

These conclusions are corroborated by correlation 
of the activation energy data as determined in this 
study with other thermodynamic data. Reactions 
occurring at high temperatures and/or low water 
vapor pressures have been explained on the basis 
of the high vapor pressure of Mg. Activation en- 
ergies obtained for these reactions in this work are 
31.7-33.7 k/cal. These results agree well with the 
heat of sublimation of Mg, which is 34.4 kcal (12). 
At lower temperatures and at the highest water 
vapor pressure used in this study, the activation 
energy was found to be 11.1 kcal. This value com- 
pares favorably with energies determined in other 
water vapor-metal studies (8, 13, 14) in which ad- 
sorption on or diffusion of some species through the 
solid product coating was the rate-controlling step. 
Inasmuch as activation energies intermediate to 
these values have been found for some reaction con- 
ditions, the conclusion is tenable that a combination 
of both vaporization and diffusion through the coat- 
ing determines the over-all reaction rate. 


Manuscript received August 6, 1956. Contribution 
No. 529. Work on this paper was performed in the 
Ames Laboratory of A.E.C. 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1958 
JOURNAL. 
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Enhanced Surface Reactions 


Manfred J. D. Low and H. Austin Taylor 


Nichols Laboratory, New York University, New York, New York 


ABSTRACT 


The influence of an electrodeless gaseous discharge on the rates of adsorp- 
tion of hydrogen on Pd-Al.O;, ZnO and Ni-kieselguhr and of carbon monoxide 
on ZnO was investigated. Enhanced adsorption rates and extent were found. 
A mechanism for the observed effect has been suggested which should have 
general applicability in chemisorption, oxidation of metals, and other similar 


phenomena. 


An interesting experiment on the influence of a 
high-frequency induced gaseous discharge on the 
rate of chemisorption of oxygen on NiO has been 
reported by Engell and Hauffe (1). The application 
of a Tesla coil to the system after 150 min when 
adsorption had almost ceased caused a marked in- 
crease in adsorption, the amount adsorbed almost 
doubling in 30 min. Lack of an explanation for this 
large effect caused by such a minor discharge 
prompted a repetition of the experiment. 


Experimental 

A Tesla coil of the type frequently used for leak 
detection was applied to a standard constant vol- 
ume adsorption system so that a discharge could be 
caused and maintained in a region 40 cm from the 
adsorbent chamber in an 8 mm O.D. tube leading 
from the chamber to the adsorption measuring ap- 
paratus. A plug of Pyrex-glass wool was located in 
this tube, 20 cm from the point of discharge and be- 
tween the latter and the adsorbent. The coil was 
adjusted to give a continuous discharge which was 


barely visible in a darkened room. Preliminary ex-’ 


periments under the conditions prevailing in actual 
runs but in the absence of the adsorbent showed 
that the discharge had no noticeable effect on the 
pressure in the system. 

Experiments using three different adsorbents are 
described: (a) 15.53 g of a commercial Pd hydro- 
genation catalyst made by Baker and Co. of 0.5% 
Pd on 1/16 in. extruded AIl.O, pellets; (b) 18.76 g 
ZnO from oxalate, prepared according to the method 
of Taylor and Sickman (2); (c) 10 g Ni-kieselguhr 
containing 11.5% Ni (3). 

Gases used were H, and CO. Pure H, was prepared 
by diffusion of tank H through heated Pd thimbles. 
CO was obtained from the reaction of CH.O. and 
H.SO, and was purified by suitable washing and 
drying. 


Results and Discussion 


The statement made earlier that the discharge 
was without effect unless adsorbent was present is 


illustrated by the data of two such runs at different 
gas pressures shown in Table I. Pressures were 
measured on a dibutyl phthalate (DBP) manometer. 

The small pressure changes in run II are attribut- 
able to the changes in room temperature and, as 
seen from run I, when this is constant, so also is the 
pressure before, during, and after the discharge. 
Pressure changes observed during discharge when 
adsorbent is present are exemplified by Table II 
showing the pressure readings for the enhanced ad- 
sorption of H. on ZnO shown later in Fig. 4. 

It may be seen that the rate of pressure change, 
just before the discharge was applied, fell to about 
3 mm DBP in 25 min. During the first 5 min of dis- 
charge the pressure fell 5 mm and more than 20 mm 
during the half hour the discharge was applied. It is 
seen, therefore, that the effect of the discharge is 
real; it is far from being a small, delicate effect and 
is comparable with the normal adsorption rates on 
the same adsorbent. It is the more startling, since this 
enhanced adsorption occurs on surfaces, which, from 
the classical point of view, are almost fully satu- 
rated at the prevailing pressure. 

Fig. 1 is a plot of the data of a typical experiment 
on the adsorption of H, on Pd - Al.O, at 257°C. The 


Table |. Effect of discharge in absence of adsorbent 


RunI Run Il 
Time, Room Press. H» Time, Room Press. Hz 
min temp, °C em DBP min temp, °C cm DBP 
5 26.4 68.20 5 27.0 30.09 
10 26.4 68.20 10 27.0 30.09 
15 26.4 68.20 15 27.0 30.09 
20 26.4 68.20 20 27.0 30.09 
Discharge on Discharge on 
25 26.4 68.20 25 27.0 30.09 
30 26.4 68.20 30 27.0 30.09 
40 26.4 68.20 35 27.0 30.09 
50 26.4 68.20 40 27.1 30.8 
Discharge off 42 27.1 30.10 
55 26.4 68.20 45 27.1 30.10 
60 26.4 68.20 50 27.2 30.13 
70 26.4 68.20 60 27.3 30.20 
65 27.0 30.05 
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Table II. Enhanced adsorption of Hs on ZnO at 100°C. 
P., = 66.9 cm DBP 


Time, min Room temp Press. cm DBP 


975 30.6 27.32 
1115 32.2 26.98 
1190 31.2 26.65 

Discharge on 
1195 31.2 26.10 
1200 31.2 25.58 
1205 31.2 25.08 
1215 31.2 24.38 
1220 31.2 24.10 
1225 31.4 23.88 
1230 31.4 23.76 


run having continued for 3 hr and the pressure of 
the H, having fallen from 77.23 to 56.75 cm DBP, 
the Tesla coil was turned on. The rate of disap- 
pearance of the gas is markedly increased under 
the influence of the discharge. After 70 min the 
Tesla coil was turned off. The rate of gas uptake 
is seen to decline rapidly, although the enhancing 
effect of the discharge is still apparent 10 min later. 
The insert in Fig. 1 is an Elovich plot (4) of the data 
and shows the return of the rate to its initial value 
after cessation of the discharge by the constancy 
of slope of the first and third parts of the curve. A 
similar continuation of the enhancement after the 
discharge is to be found in the experiment by Engell 
and Hauffe. 

In Fig. 2 the effect of a discharge on the rate of 
CO adsorption on ZnO at 257°C and 55 cm DBP is 
shown. Again the rate of gas uptake is markedly 
enhanced by the discharge but decreases again 
when the discharge ceases, falling almost to the 
same rate as that before the discharge was applied. 

A similar effect was observed in the influence 
of the discharge on the rate of adsorption of H, at an 
initial pressure of 71.3 cm DBP on a Ni-kieselguhr 
catalyst at 322°C as shown in Fig. 3. 

The most pronounced effect was found on study- 
ing the adsorption of H. on ZnO. Fig. 4 and 5 again 
show the marked enhancement of the adsorption 
caused by the discharge. The enhancement is ap- 
parent not only during the course of a run while 


100 200 JOO #00 
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Fig. 1. Rate of adsorption of H. on Pd. Al.O, before, during, and 
after application of discharge. Insert is a plot of amount adsorbed 
against the logarithm of time. Temp, 257°C; P, — 77.23 cm DBP. 
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Fig. 2. Effect of discharge on adsorption of CO on ZnO. Temp, 
257°C; P. = 55.0 cm DBP. 
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Fig. 3. Effect of discharge on adsorption of Hz on Ni-kieselguhr. 
Temp, 322°C; P, = 71.3 cm DBP. 


spontaneous gas uptake is occurring (Fig. 4) but 
also the adsorbent, seemingly saturated after seven 
days’ exposure, may be made to take up more gas 
(Fig. 5). 

As pointed out by Engell and Hauffe the increase 
in adsorption shown in their experiment, and in 
these many experiments, cannot be related to a 
saturation of adsorbent surface by adsorbate, since 
in such a case a discharge would be ineffectual. It 
is also unlikely that, in the case of H, adsorption, 
the effect is due to a direct and massive production 
of H atoms, since, in the first place, the conditions of 
the Tesla coil discharge are so feeble in comparison 
with those necessary for effective atom production 
in a Wood’s discharge tube and, in the second place, 
experience shows how effective is a plug of dry 
glass wool, such as used here as a protection for the 
catalyst, in causing atom recombination. The simi- 
larity of the enhancement of adsorption of CO indi- 
cates that the effect of the discharge can at best be 
but a feeble excitation or activation of molecules. 
The concentration of such species, atoms, or mole- 
cules reaching the catalyst surface must be ex- 
tremely small and the marked increase in adsorption 
would suggest some form of a chain process. Engell 
and Hauffe have attempted to explain the effect in 
terms of their Barrier Layer theory, suggesting that 
the observed increase in gas uptake is due to an in- 
creased electron-affinity of the oxygen. Gray and 
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Fig. 4. Effect of discharge on adsorption of H. on ZnO before 
saturation of the surface. Temp, 100°C; P, = 66.9 cm DBP. 
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Fig. 5. Effect of discharge on adsorption of Hz on ZnO after sat- 
uration during 7 and 9 days. Temp, 100°C; P, = 64.6 cm DBP. 


Darby (5) suggest that the effect, in the case of 
oxygen on NiO, may be due to oxygen being built 
into the lattice of the adsorbent. 

An alternative, more attractive, and more gen- 
eral theory, not applicable alone to semiconductor 
surfaces, may be deduced from the theory of Taylor 
and Thon (4) which Taylor (6,7) has extended. 
It has been amply demonstrated in the vast ma- 
jority of such studies to which the Elovich equation 
is applicable that the rate of slow chemisorption is 
independent of the changing pressure in the gas 
phase. Therefore, the observed deceleration can be 
attributed only to the other reactant, the surface. 
Taylor and Thon (4) suggested that this effect can 
result from a spontaneous bimolecular disappear- 
ance of sites which are created initially through the 
contact of the gas and the surface. It has been shown 
(6,7) that this site creation can occur by a branch- 
ing chain mechanism initiated by the reaction of an 
active particle, G, with a surface atom, S, causing a 
“dissociation” of the atom into two adsorption sites, 
V. The over-all reaction for the branched chain may 
be represented: 


G GV + (2n—1)V 


The remaining (2n—1) sites can be active for ad- 
sorption, or alternatively, suffer bimolecular re- 
combination and decay. It is therefore suggested 
that during the discharge, a new site creation process 
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is induced and sites are produced to an extent which 
is enormous in comparison with the number of 
exciting particles. Chemisorption of normal mole- 
cules then proceeds on the newly created sites re- 
sulting in an enhanced rate of adsorption. 

Confirmation of the proposed mechanism is to be 
found in the continuation of the enhanced adsorp- 
tion even after cessation of the discharge. Gray and 
Darby (5) measured the adsorption of oxygen on a 
NiO film by a conductimetric method and found 
that an R.F. discharge, momentarily applied, yielded 
immeasurably high values for the conductivity and 
that the conductivity decreased only gradually to 
the normal value after the cessation of the dis- 
charge. Gray and Darby offer no explanation for 
this observation. In terms of the above mechanism, 
the gradual change on cessation of the discharge is 
to be attributed to spontaneous site decay accom- 
panied by site disappearance through occupancy, 
processes in their experiments extending over some 
20 min. After the surface has returned to the “nor- 
mal” state, that is, its state immediately before the 
discharge was applied, adsorption also continues at 
the “normal” rate, although somewhat decreased 
because of the larger concentration of material now 
on the surface. Gray and Darby observe this “per- 
manent” alteration in the value of the surface con- 
ductivity. 

When the discharge is applied over an extended 
period rather than momentarily, site production can 
be a continuing process. Site decay as a bimolecular 
process must eventually equal or exceed site pro- 
duction. The former leads to a constant site density, 
with adsorption linear in time. This was observed by 
Engell and Hauffe and appears in Fig. 1. Other data 
of the authors confirm the second case. 

Confirmation of the proposed mechanism should 
be available also in all processes which involve any 
form of surface energizing. The oxidation of metals 
under the influence of a gaseous discharge has been 
studied by Dravnieks (8). In this study, although 
perhaps less conclusively because electrodes were 
used, enhanced oxidation was occasionally detected. 
A more precise study by Fryburg (9) on the oxida- 
tion of Pt showed that oxygen atoms are at least 
400 times more effective than oxygen molecules. The 
proposal made here offers a mechanism for this en- 
hancement as a branched chain length of around 
400. 


In like manner, photo-excited adsorptions observed 
by Kobayashi and Kawaji (10) of oxygen on ZnS 
under the influence of 3650A radiation similarly 
point to site creation induced by the absorbed en- 
ergy. Similar effects have found their way into the 
patent literature. It has been claimed (11) that the 
coal consumption of a vertical lime kiln was de- 
creased from 180 to 126 kg/ton of limestone by the 
application of a silent electrical discharge to the 
kiln. 

The above and other examples of abnormal reac- 
tion have the common criteria that they are (a) 
heterogeneous and (b) show enhancement of rate, 
or of extent of reaction, or both, by the application 
of a relatively minute stimulus. The amount of en- 
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ergy supplied to the system is extremely small yet 
its effects are large. This is precisely the situation 
which originally prompted the suggestion of a chain 
mechanism for homogeneous chemical reactions. 
The absence of a chain mechanism in current pro- 
posals suggested to account for heterogeneous re- 
action, including chemisorption, infers that none is 
able to account for the peculiarities described in this 
work. The general applicability of the site-creation 
mechanism to chemisorption (4), heterogeneous 
chemical reactions (7, 12), and to the enhancements 
described herein would infer a high degree of plaus- 
ibility. Further quantitative data are required for 
its confirmation. 


Manuscript received Nov. 1, 1956. It was abstracted 
from a dissertation by M. J. D. Law submitted to the 
faculty of the Graduate School of Arts and Science, 
New York University in partial fulfillment of the re- 
quirements for the Ph.D. degree, June 1956. 
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Luminescence of Modified Tin-Activated Strontium Orthophosphate 
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ABSTRACT 


The introduction of Al, Zn, Mg, Ca, or Cd in Sr;(PO,)2 produces a new 
crystal phase which is probably isomorphous with 6Cas(PO,)2. Activated with 
tin this Sr-orthophosphate gives a strong luminescence with a maximum at 


about 6300A under excitation with 2537A. 


In the systems studied so far, Sn must be present 
in the lattice as Sn* in order to be an effective ac- 
tivator. Since Sn” is easily reduced to Sn metal and, 
on the other hand, is also readily oxidized to Sn“, 
a carefully controlled atmosphere is required in 
preparing efficient Sn-activated phosphors. Re- 
cently, Butler (1) prepared Sn-activated alkaline 
earth orthophosphates. He found that a firing at- 
mosphere of N, containing a small percentage of H, 
is very effective in keeping Sn in the divalent state. 

BCa,(PO,).—Sn, whose emission has a maximum 
at 6300A and a secondary maximum at 4950A, 
proved to be an excellent phosphor. Sr,(PO,).—Sn 
has an emission at 3700A. On introducing Al, Zn, 
Mg, Ca, or Cd into the Sr-orthophosphate lattice 
the rather weak u.v. emission of the pure Sn-ac- 
tivated Sr-orthophosphate is replaced by a strong 
emission at 6300-6500A. 


Preparation 

The raw materials used were reagent grade 
SrCO,, (NH,).HPO,, SnO, Al(NO,),-9H,O, ZnO, 
MgCoO,, CaCO,, and CdCO,. The required amounts 
of dry base materials were mixed in a runner mill 
for 10 min. The blends were preheated at 500°- 
600°C for 1 hr in order to eliminate NH,, H.O, and 
occasionally NO, in preparations containing Al. 
After this the mixture was milled again for 20 min. 

In order to form the matrix, the powders were 
then heated in air for 2 hr at temperatures ranging 


from 1000°-1100°C. After this firing the powders 
are white and nonluminescent. Following Butler 
(1), the final firing was done in N, containing some 
H.. 

In the authors’ experiments, samples were fired 
for 30 min at 1000°-1100°C in N, with 0.5-1% H. 
in alundum crucibles. The furnace tube was sin- 
tered alundum (5 cm diameter) and in all prepara- 
tions the gas flow was 5 l/min. Samples were al- 
lowed to cool to about 400°C in the same reducing 
atmosphere by moving the crucibles from the hot 
zone to a cooler portion of the alundum tube. 


Structure 

X-ray diagrams showed that the strong lumines- 
cence at about 6300A occurring when part of the Sr 
in Sr,(PO,).—Sn is substituted by Al, Mg, Zn, Ca, 
or Cd is associated with a change in crystal struc- 
ture. This new crystal structure is the same, irre- 
spective of which of the elements mentioned above 
is substituted for Sr. The modified Sr,(PO,). is 
probably isomorphous with 8Ca,(PO,). as shown in 
Fig. 1. It appears from this figure that, starting with 
ACa,(PO,)., a gradual replacement of Ca by Sr, 
apart from other minor differences, results in a 
widening of the §Ca,(PO,). lattice until a Ca/Sr 
ratio of about 0.2 is reached. With more Sr added 
there is a rather sharp transition to the normal 
Sr-orthophosphate structure. This transition is ac- 
companied by a change in emission from 6200 to 
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Fig. 1. X-ray diagrams of Ca,Sr-orthophosphates 


3700A. This result is different from that of Butler 
(1), who states that at a Ca/Sr ratio of 2.3 a new 
crystal phase appears without a marked change in 
emission and also that samples with a high Sr con- 
tent, which show the long wave-length fluorescence, 
may have the normal Sr-orthophosphate structure. 

The $Ca,(PO,). structure as a single phase is re- 
tained between much narrower limits in the case of 
substitution of Sr by Mg, Zn, Cd, or Al (see section 
on Composition). With increasing substitution of Sr 
by Mg, Zn, or Cd there are strong indications that 
a new crystal phase appears of the composition 
SrX,(PO,)., where X = Mg, Zn, or Cd, with a weak 
greenish-bluish Sn emission. The substitution of 
Sr by Al is discussed later. The metal ions which 
produce the phase transition in Sr,(PO,). are 
smaller than the Sr ion which they replace, so it is 
not surprising that their introduction results in a 
change to a structure like that of BCa,(PO,). with a 
smaller spacing of the metal ions. Moreover, x-ray 
work of Mackay (2) has shown that the structure 
of BCa,(PO,). is rather closely related to that of 
Sr;(PO,). (3). 

In agreement with this view, it was found that the 
smaller the metal ion substituting for the Sr ion, the 
less of it is required to cause the transition to the 
ACa,(PO,). structure. The minimum ratios of the 
cations at which the §Ca,(PO,). structure strongly 
dominates, arranged in the order of increasing ionic 
radius of the substituting ion, are: Al/Sr = 0.08; 
Mg/Sr = 0.03; Zn/Sr = 0.07; Ca/Sr= 0.13; and 
Cd/Sr = 0.13. It is seen that Al does not fit into the 
series; this point is discussed later. The fact that 
partial substitution of the larger Ba ion for Sr does 
not produce the $Ca,(PO,). structure is also con- 
sistent with the above theory. 

Attempts to convert the modified Sr-orthophos- 
phate into the normal one by varying firing condi- 
tions were quite unsuccessful. Firing at tempera- 
tures not much below the melting point resulted in 
highly distorted structures, x-ray diagrams showing 
no resemblance to either of the Sr-orthophosphate 
modifications. X-ray diagrams of powders fired at 
high temperatures and containing rather large 
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amounts of Al showed in these structures the pres- 
ence of Al.O, as a second phase. 


Composition 

In all preparations except those containing Al an 
excess of 2 mole % phosphate was used. An excess 
of the alkaline constituents gave brownish or gray- 
ish products on firing in the reducing atmosphere 
due to insufficient incorporation of the Sn. Optimum 
ratios of the molar concentrations of the cations 
are: Al/Sr = 0.1— 1; Mg/Sr = 0.07 — 0.4; Cd/Sr = 
0.2; Zn/Sr = 0.1 — 0.15; Ca/Sr = oo. 

Kroger (4) suggested that the great solubility of 
Al1,O, in the Sr-orthophosphate matrix might be ex- 
plained by assuming a distribution of Al over Ca 
and P sites in a proportion of 2 to 1, thus maintain- 
ing compensation of charge. The compositions 
Sr...AL,P,.Al,.O,, corresponding to such a distribu- 
tion of Al, are represented by the dotted line in the 
ternary diagram of Fig. 2a. Thus in the extreme 
case (x = 3) the hypothetical compound 9AlI.O, - 
1P.0, (point P in Fig. 2a) might have an orthophos- 
phate structure without vacancies. 


9Al1.O, - 1P,0, = ~ 25r.P,0O. 
= 4Sr,(PO,). 


Since substitution of Sr ions by the smaller Al 
ions is accompanied by a substitution of P ions by 
the larger Al ions, it is clear that Al need not fit into 
the series (see section on Structure). 

The symbols placed underneath each point in 
Fig. 2a denote the phases occurring in the phosphors 
in decreasing order of concentration, as found by 
x-ray analysis. It is seen from Fig 2a that samples 
with a composition corresponding to points above 
the dotted line (Sr + Al > 6 + x) all show the nor- 
mal Sr-orthophosphate structure. Possibly more Al 
ions than indicated in the above formula may be in- 
corporated at P sites; some Sr sites must then be 
vacant to maintain charge compensation. 

Fig. 2b gives the quantum efficiency of the Al- 
containing phosphors as a function of their composi- 
tion. 

Efficient phosphors containing Cd are somewhat 
difficult to prepare since part of the Cd is volatilized 
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Fig. 2a. Partial composition phase diagram of the system 
SrO-Al.O;-P:0;. The symbols underneath each point give the 
various phases present in the order of their concentration. 
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Fig. 2b. Partial composition phase diagram of the system 
SrO-Al.0,-P.0;. The figures give the quantum efficiency of the 
luminescence. 


during firing in the final reducing atmosphere. Good 
results can be obtained by making the H, content of 
the final atmosphere as low as possible and by firing 
for short times. 

The activator concentration can be varied be- 
tween 0.1 and 1 mole % without much change in 
efficiency. In the authors’ preparations, the Sn con- 
tent was 0.4 mole %. 


Emission Spectra 


The emission of the modified Sn-activated Sr- 
orthophosphate, when excited with 2537A, consists 
of a broad band at 6300-6500A and a weak band 
at 4000A. The emission energy in the blue band is 
about 5% of the total emission energy. The relative 
energies in the short wave and long wave emission 
bands do not change sensibly with activator con- 
centration or the nature and amount of the sub- 
stituents. The position of the main band depends 
slightly on the metal which is substituted for Sr, as 
shown in Fig. 3. In Fig. 3 all curves are normalized 
to the same maximum height. The emission spectra 
obtained when Ca is substituted for Sr are in ac- 
cord with Butler’s (1) results. The position of the 
maximum is not influenced by the Sn concentration 
nor by the amounts of Al, Zn, Mg, or Cd. With Mn 
as a second activator, the peak becomes sharper and 
shifts to 6100A (Fig. 3). 


Quantum Efficiency 
The optimum efficiency at room temperature of a 
number of powders, as measured by Bril (5), are 
given in Table I, together with $Ca,(PO,).-Sn. 


Table |. Quantum efficiency of Sn-activated orthophosphate 
phosphors; excitation 2537A; activator concentration 0.4 
mole %. x = Al, Zn, Mg, Ca, Cd 
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Fig. 3. Emmission of Sn- and Sn,Mn-activated Sr-orthophosphates 
modified with Al, Zn, Mg, or Cd. Excitation 2537A. Sn concentra- 
tion 0.4 mole %, Mn concentration 0.8 mole %. — — —(Sr,Mg)s 
(PO,)o-Sn; Mg/Sr = 0.16;..... (Sr,Zn)s(PO,)o-Sn; Zn/Sr = 0.16; 
Cd/Sr = 0.16; 
(Sr,Al)s(PO,).-Sn; Al/Sr = 0.33; -.-.-.-.-.-.- (Sr,Al)3(PO,)2-Sn,Mn; 
Al/Sr = 0.33. 


It is seen from Table I that the quantum efficiency 
of the Sn-activated Sr,Al- the Sr,Zn-, and the Sr, 
Mg-orthophosphate is at least as good as that of 
ACa,(PO,).-Sn. As the modified Sr-orthophosphates 
do not show the sub-band at 4950A of BCa,(PO,).- 
Sn and as the band at 4000A corresponds to only 
about 5% of the total emission energy, this means 
that these phosphors give more light in the long 
wave emission band. The latter may be an advan- 
tage for applications in fluorescent lamps. 


Resistance toward Oxidation 


In fluorescent lamp manufacture the tubes are 
heated in air at about 540°C in order to remove the 
binder used in applying the coating. This heat treat- 
ment causes a reduction in light output of about 
15% forBCa,(PO,).-Sn due to partial oxidation of 
the Sn”. This decrease in light output is far less in 
the Sr,Mg-, Sr,Zn-, Sr,Cd-, and Sr,Al-orthophos- 
phate phosphors as shown in Table II. The Sr,Ca- 
orthophosphate phosphor does not show a better re- 
sistance than the pure 8Ca,(PO,).-Sn. 

When samples are heated in air for longer periods, 
the light output decreases slowly but continuously 
until it is practically zero after 100 hr of heating in 
air at 700°C. Thus, it appears that the introduction 
of Mg, Zn, Al, or Cd does not affect the equilibrium 
between Sn* and Sn“ in the lattice, but only the 
rate at which the equilibrium is reached. 

The melting point of the Mg-, Zn-, Al-, or Cd- 
containing phosphors is much lower than that of Ca- 
or Ca,Sr-orthophosphate; therefore, they are prob- 


Table ||. Percentage reduction in light output on heating 200 mg 

samples in air for 15 min; firing 2 hr 1100° in air and 2 hr 1050° 

in No — 0.4% He. Ratios of the cations are the same as in Table |. 
Sn concentration 0.4 mole %. 


Phosphor x/Sr Q.E., % zt °C 500° 600° 700° 
BCas(PO,). 81 BCas(PO,)>» 5 27 92 
(Sr,Al).(PO,)» 0.33 85 (Sr,Ca)s(PO,). 6 39 90 
(Sr,Zn) 0.16 87 (Sr,Mg):(PO,): 0 0 8 
(Sr,Mg):(PO,). 0.12 87 (Sr,Zn)s(PO,). 3 10 12 
0.16 75 1 4 16 
0.20 70 (Sr,Cd)s(PO,). 0 0 0 
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ably less reactive because they are better crystal- 
lized. This view is confirmed by the fact that, on 
lowering the firing temperature, the improved re- 
sistance toward oxidation on heating in air is grad- 
ually lost. 

Manuscript received Oct. 10, 1956. This paper was 


repared before the Washington Meeting, 
May 12-16, 
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Any discussion of this Pal er will appear in a Dis- 
cussion Section to be published in the June 1958 
JOURNAL. 
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Energy Transport by Cascade and Resonance Processes in Doubly 
Activated Phosphors 


Esther W. Claffy and Clifford C. Klick 


U. S. Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


A method, using quantum efficiency measurements, is described for obtain- 
ing the efficiency of energy transfer from sensitizer to activator centers in 
doubly activated phosphors when both centers have allowed transitions. From 
these measurements and applying the theory of resonant transfer it is con- 
cluded that, for NaCl: Ag, Cu, both cascade and resonant transfer mechanisms 
are important and that the resonant transfer process increases more rapidly 
with concentration than does the cascade process. 


Processes by which energy is transferred from one 
activator to another in a phosphor have been of in- 
terest for a long time. Part of this interest stems 
from the widespread commercial use of doubly 
activated phosphors and part stems from interest 
in the mechanisms themselves. Materials such as 
the sulfides in which photoconductivity plays an 
important role are not considered here, but only 
materials where energy transport occurs without an 
accompanying transport of charge. 

In inorganic phosphors a long series of experi- 
mental investigations (1-15) has shown that energy 
may be absorbed in one center, called the sensitizer, 
and transferred to another type of center, called the 
activator, which then emits. These investigations 
have been concerned with cases in which the sensi- 
tizer has allowed optical transitions, while those in 
the activator are largely forbidden. For this type 
of transfer the range of interaction between sensi- 
tizer and activator has also been determined (10, 13, 
14). 

In organic phosphors the field of interest has 
been primarily in the absorption of energy in the 
solvent molecules, followed by transfer from solvent 
molecule to solvent molecule until the energy 
reaches a solute molecule (16). Here the energy is 
transferred between identical centers with allowed 
transitions. 

A quantum theory of resonant transfer between 
like molecules has been developed by Kallman and 
London (17), Perrin (18), and Forster (19) and ap- 
plied to problems of organic phosphors. This theory 
has been adapted by Dexter (20) to the case of in- 
organic phosphors where the sensitizer and activator 
are different centers; the theory has also been ex- 


tended to cover cases where the activator suffers 
forbidden transitions of various types. 

In addition to a resonant type of transfer of en- 
ergy from sensitizer to activator, another process 
may occur which is called the cascade process. This 
process occurs when the sensitizer actually emits 
light which is reabsorbed by the activator before 
the light has a chance to escape from the phosphor 
sample. For most sensitized inorganic materials 
previously investigated, the activator has forbidden 
transitions so that the direct absorption of light by 
the cascade process is negligibly small. However, 
this is not the case for phosphors where the activator 
has allowed transitions. 

It is the purpose of this paper to describe methods 
for determining the efficiency of transfer of energy 
by resonance and cascade processes, and to investi- 
gate the relative importance of these processes in an 
inorganic phosphor having allowed transitions in 
both the sensitizer and activator. To achieve this end 
use is made of results both from experiment and 
from theory. 


Determination of Transport Efficiencies 


The method used here for the determination of 
transport efficiencies rests on measurements of 
quantum efficiencies. A detailed description of the 
experimental and mathematical techniques involved 
in such a measurement will be described elsewhere. 
The quantum efficiency for luminescence from the 
sensitizer in a doubly activated phosphor may be 
determined from the relation 


Qsens 
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where (S,) is the quantum efficiency for sensitizer 
emission in the doubly activated phosphor, and (S;) 
is the quantum efficiency of the same phosphor with 
no activator present. The subscripts refer to singly 
or doubly activated phosphors. (a...) and (arora) 
are, respectively, the absorption coefficients for the 
sensitizer centers alone and for the whole phosphor 
at the exciting wave length, and (7) is the efficiency 
of transfer from sensitizer to activator. Thus (7) 
may be determined from Eq. (I) if the absorption 
coefficients are known. For materials which can be 
prepared as transparent solids, coefficients of ab- 
sorption may be obtained from transmission meas- 
urements; for materials obtainable only as powders 
the absorption coefficient may be obtained from re- 
flection measurements (21). 

In a similar way the quantum efficiency of the 
activator emission may be obtained. There are two 
contributions to the emission. One arises from the 
direct absorption of exciting light in the activator 
and the other arises from transfer of energy from 
sensitizer to activator. The total efficiency is given 
by 

Asens 


Ap = Q + nAs (II) 


Arotal 


Here (A,) is the observed efficiency of activator 
emission on irradiation in the sensitizer. Q is the 
efficiency of luminescence of the activator in the 
same phosphor sample with no sensitizer, but ex- 
cited with light corresponding to the sensitizer’s 
absorption band. A, is the activator efficiency when 
excited in its main absorption band which must 
overlap the emission of the sensitizer for efficient 
transfer to occur. In many cases the first term on 
the right hand side of Eq. (II) may be neglected 
either because the absorption of the activator is 
small at the exciting wave length or because its 
efficiency is negligible. If this is the case, Eq. (II) 
simplifies and the ratio of Eqs. (1) and (II) becomes 


As 1 1 Ill 
(IIT) 
It should be noted that, where Eq. (III) can be 
used, the transfer efficiency may be obtained from 
quantum efficiency measurements alone without the 
necessity of determining absorption coefficients. 
Once the total transfer efficiency has been ob- 
tained from experiment, it is necessary to separate it 
into its resonant transfer and cascade components. 
This is accomplished by the use of the results of 
theory. First, review the computation of resonant 
transfer for cases where the activator has an allowed 
transition. Dexter uses a reduced concentration, y, 
to relate experimental parameters to the resonance 
transfer efficiency; y is given by 


é 2 
y = 7.96 x X.C’ 
n* 


[J ae (IV) 


In this expression X, is the concentration of ac- 
tivator centers given as a mole fraction; C* is the 
number of sites per cubic centimeter that can ac- 
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commodate an activator center; n is the index of 
refraction. Dexter takes the term in round brackets 
to be unity; this is equivalent to assuming that the 
electric field at a center is the same as the average 
electric field in the medium. Q, is the cross section 
of the activator for absorption of light and is de- 


fined by 
Q | GE (Vv) 
x.C’ 


where E is in units of electron volts. f,(E) is the 
emission spectrum of the sensitizer in terms of the 
relative number of emitted photons as a function 
of the energy in electron volts. The curve is normal- 
ized so that 


Sf.(E)dE = 1 (VI) 


Similarly F,(E) is the absorption spectrum of the 
activator normalized so that 


SF.(E)dE = 1 (VII) 


The reduced concentration, y, is related to the quan- 
tum yield for resonant transfer by Eq. (18) of 
Dexter’s paper which is plotted there as Fig. 1. For 
y much less than unity this yield varies as 


n= + yln y — 0.4228y) 


For y much larger than unity the yield approaches 
unity; it is % for y = 0.65. With these equations, 
then, it is possible to calculate the resonance trans- 
fer efficiency. 

An attempt has been made to calculate the effi- 
ciency of transfer by cascade processes in powders. 
The method developed by Johnson (21) for the 
reflectivity of powders was extended to this case 
which is complicated by the fact that the exciting 
light arises in the powder itself. Here, however, the 
approximations involved became increasingly trou- 
blesome so that this technique, which is also quite 
cumbersome, was discarded. Instead, the quantum 
yield for transfer by cascade is obtained by sub- 


‘tracting the calculated resonant transfer yield from 


the total transfer yield obtained from experiment. 


Measurements on NaCl:Ag, Cu 


The NaCl: Ag, Cu system was chosen for study 
because many of its optical properties are known 
and because it can be prepared as a single crystal 
for transmission measurements. The strong absorp- 
tion bands introduced in NaCl by Ag and Cu indi- 
cate that optical transitions in these centers are not 
strongly forbidden. 

Special precautions were necessary to prepare 
samples which were free of luminescent impurities 
and gave reproducible results. Reagent grade NaCl 
was specially purified with dithizone to remove 
traces of such heavy metal impurities as Pb, Tl, Cu, 
and Ag. Special high purity AgCl and reagent grade 
CuCl, were used (the cupric salt being converted 
to cuprous at the temperature needed for crystal 
growth). Single crystals were grown from the melt 
by the Kyropoulos method; just before measure- 
ment the samples were pulverized and sieved to a 
particle size of 179-149 » diameter (No. 80-100 
mesh fraction). The final grinding and sieving were 
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Fig. 1. Absorption and emission spectra of both Ag and Cu in 
NaCl plotted to arbitrary scales. The emission spectrum of Ag and 
the absorption spectrum of Cu overlap, giving rise to energy transfer 
from the Ag to Cu centers both by resonance transfer and by 
cascade processes. 


done in a room with low humidity. Attempts to 
use polycrystalline melts were unsuccessful; these 
preparations had quantum efficiencies which were 
lower than the single-crystal preparations. 

An attempt was made to keep the concentration 
of Ag constant at about 10° mole fraction while 
varying the Cu concentration. Analysis for Cu was 
made colorimetrically, for Ag, nephelometrically. 

The absorption and emission spectra of both Ag 
and Cu luminescent centers in NaCl are shown in 
Fig. 1. In each case the scale of the ordinate is 
chosen arbitrarily. It is apparent from the figure 
that there is strong overlapping of the emission 
spectrum of Ag and the absorption spectrum of Cu. 
For measurements of the quantum efficiency of 
transfer from Ag to Cu, the exciting wave length 
was chosen as 2180A which is at the peak of the Ag 
absorption band. At this wave length the quantum 
efficiency of a NaCl:Cu phosphor was measured to 
be only 4%. This indicates that the emission from 
the Cu centers due to direct absorption in the cen- 
ters may be neglected although there is another Cu 
absorption band present which extends into the re- 
gion of the exciting wave length. 

It is interesting to note that both Ag and Cu alone 
in NaCl give rise to efficient phosphors with a meas- 
ured quantum efficiency of 80%. It is apparent, 
then, that radiationless transitions are not an impor- 
tant complication in this problem. 

Results of these measurements and computations 
are given in Table I. The transfer yield, y, is com- 
puted using Eq. (III); computations using the more 
exact expressions (I) and (II) indicated that the 
error introduced using Eq. (III) was less than the 
error of measurement. In all cases the resonant 
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transfer yield is less than that due to cascade, but it 
increases with Cu concentration so that for sample 
4 the two processes are roughly comparable. It was 
not possible to follow the processes to higher ac- 
tivator concentrations in this case because of the 
apparent onset of precipitation of Cu in the crystals. 


Conclusions 

From the measurements of this paper it may be 
expected that both resonant transfer and cascade 
processes are important in doubly activated in- 
organic phosphors with allowed transitions. While 
both processes increase with activator concentra- 
tion, the resonant transfer process increases more 
rapidly in the case investigated here. 
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Table |. Transfer efficiency values for NaCl:Ag,Cu 


Efficiency of Efficiency of 
resonant cascade 
Sample Xac Xeu Sp Ss Ab As n transfer transfer 
1 11x10° 3x10° 0.52 0.81 0.028 0.80 0.052 0.004 0.048 
2 6x10~ 6x10° 0.56 0.81 0.23 0.80 0.29 0.070 0.22 
3 7x10° 8x10~ 0.39 0.81 0.26 - 0.80 0.40 0.090 0.31 
4 12x10 16x10* 0.21 0.81 0.19 0.80 0.48 0.17 0.31 
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Electrolytic Production of Bromates 


Takasi Osuga 
Sanwa Pure Chemicals Co., Ltd., Tokyo, Japan 


and 
Kiichiro Sugino 
Department of Chemical Engineering, Tokyo Institute of Technology, Tokyo, Japan 


ABSTRACT 


An electrolytic process for the production of potassium or sodium bromate 
using a pure lead peroxide anode has been operated successfully. A concen- 
trated bromate solution was electrolyzed continuously at a cathode of stainless 
steel with an anodic current density of 20 amp/dm* at 70°C; current efficiency, 
about 90%; anode consumption about 50-60 mg/K amp-hr. Pure crystalline 
bromate could be obtained by cooling the cell effluent at room temperature. 


Among alkali metal halogenates, only chlorates 
have been produced commercially in Japan by the 
electrolytic process. New uses for bromate brought 
about its electrolytic production, although in much 
smaller amounts than chlorate. A new electrolytic 
process using a lead peroxide anode is described 
here. 


Anode for Electrolytic Production of Bromate 

Electrolytic production of bromate is usually car- 
ried out at a graphite anode. However, the use of 
graphite has unfavorable effects. It spalls during 
electrolysis, forming a mud which makes continu- 
ous operation difficult. Also, the final product be- 
comes slightly yellow’ and can be decolorized only 
with difficulty. These two facts are the main rea- 
sons for the search for a better material. 

A brief investigation showed that the lead per- 
oxide electrode manufactured by a process reported 
earlier (2) was the most practical choice for an 
anode material. 

A compact lead peroxide layer is deposited elec- 
trolytically from neutral lead nitrate solution upon 
the inner surface of an iron cylinder which acts as 
an anode. An example of the operating conditions is 
shown in Table I. Apparatus used is shown in Fig. 1. 

During electrolysis, the acidity of the electrolyte 


Table |. Operating conditions 


Electrolyte: 21-22% lead nitrate solution. 

Anode: iron cylinder with surface polished inside; 
length 500 mm, ID 204 mm, thickness 8 mm, 
weight 20.6 kg, available surface area 32 dm’. 

Cathode: copper rod (diameter 25 mm) 

Current: 172 amp 

Current density, anodic: 5.4 amp/dm* 

Voltage: 7.4v 


Temp: 50°C 
Flow rate of electrolyte: 4to5 l/min 
Time: 66 hr 


' This coloration has been considered hitherto to be due to the 
presence of chromate added to the cell (1). By the use of a lead 
peroxide anode instead of graphite, colorless crystals were obtained 
as shown here. 


gradually increased and the concentration of Pb” 
decreased according to the following reaction. 


2Pb(NO,). + 2H.O> PbO, + Pb + 4HNO, 


The change of these two was found to give a brit- 
tle deposit of lead peroxide which could not be cut 
for finishing or not used for an anode of the elec- 
trolysis. Moreover, sudden change of pH due to 
direct neutralization of acid in the electrolytic bath 
gave a deposit consisting of heterogeneous layers 
which was also brittle. Therefore, the pH and the 
concentration of Pb** should be maintained as con- 
stant as possible during electrolysis. This was ac- 
complished by flowing the electrolyte at constant 
rate and neutralizing the increasing acidity with 
Pb(OH). by using the apparatus shown in Fig. 1. 

The electrolysis was conducted until the thickness 
of the deposit reached about 8 mm. Each end of the 
mother cylinder 75 mm in length was cut off; then 
by cutting the iron part of the cylinder lengthwise, a 
lead peroxide cylinder of suitable strength and com- 
pactness as well as of a smooth outer surface was 


Fig. 1. Apparatus for electrodepositing lead peroxide layer. 
1, lron cylinder; 2, lead peroxide layer deposited; 3, electrolytic 
bath; 4, neutralization tank; 5, settling tank; 6, pump for recycling 
electrolyte; 7, preheating tank. 
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obtained (diameter, 200 mm; length, 350 mm). The 
lead peroxide cylinder was separated into twelve 
parts by cutting it again lengthwise. Each part of 
the lead peroxide thus obtained has the shape of a 
rectangular piece shown in Fig. 2. Its dimensions 
are as follows: length, 350 mm; width, 50 mm; 
thickness, 7-9 mm. 


Important Factors in Electrochemical Formation 
of Bromate 


Anodic reactions in bromate formation may be 
represented as follows. 


2Br — 2e > Br. (1) 

Br, + OH > HBrO + Br (II) 
Br, + 20H > BrO + Br + H,O (IIT) 
2HBrO + BrO’ > BrO; + 2HBr (IV) 


These reactions are similar to those in chlorate 
formation, but some differences are seen between 
the two cases. Reaction (IV) is about 100 times 
faster than that in chlorate formation according to 
Kretzschmar (3). On the other hand, reactions (II) 
and (III) seems to occur imperfectly as compared 
with those in chlorate formation by comparing the 
hydrolysis constant of Br with that of Cl, (4). 
Therefore, in the case of bromate, it may be prefer- 
able to maintain the pH of the electrolyte slightly 
alkaline in order to favor these reactions and thus 
obtain high current efficiency. This condition can 
be attained easily by using a neutral or slightly 
alkaline solution of bromide at the start of the elec- 
trolysis. Efforts to keep the pH in the desirable 
range is not necessary except to avoid discharge of 
hydroxy! ion. 

Reactions (II) and (III) may also be accelerated 
by high temperature, which has a favorable effect 
on current efficiency. When reactions (II) and (III) 
are still slow and imperfect as compared with reac- 
tion (I), the current concentration and current den- 
sity may have a marked influence on the current 
efficiency. Preliminary experiments showed that 
high current concentration and also high current 
density [for example, 50 amp/1 to 100 amp/1 (13- 
28 amp/dm’) ] had no unfavorable effect on the cur- 
rent efficiency. This facilitates design of the cell and 
also the determination of the operating conditions. 

2 This was confirmed by the fact that bromine separated at the 


bottom of the cell when the initial pH of the electrolyte was less 
than 8 and the circulation of the electrolyte was inefficient. 


Fig. 2. Lead peroxide anode 
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Cell Design 

The cell design depends on the use of vertical 
lead peroxide anodes of rectangular shape and 
stainless steel cathodes. A diagram of the bromate 
cell construction is shown in Fig. 3. 

The cell body is constructed of a sheet iron rec- 
tangular tank 900 mm long x 500 mm wide x 400 mm 
high. All inside surfaces of the body are lined with 
concrete. Cell volume was determined so as to keep 
the cell temperature as constant as possible by bal- 
ancing the internal heating with natural cooling. 
Three sheets of hard vinyl chloride polymer rested 
side by side on top of the cell and covered it en- 
tirely. The central cover supported 10 anodes and 
20 cathodes. These were arranged in 6 rows running 
the length of the cover. Down the middle were two 
rows of 5 anodes, and on either side was a row of 5 
cathodes. In each cell all anodes and all cathodes 
were in parallel. 

The lead peroxide anodes were 50 mm wide, 7-8 
mm thick, and 350 mm long, and extend about 55 
mm above the cover. The stainless steel cathodes 
(Avesta 832-SV) were 35 mm wide, 2.5 mm thick, 
and 400 mm long. The distance from an anode to the 
nearest cathode was about 13 mm. 

Hydrogen discharged at the cathodes caused suf- 
ficient circulation of the cell liquor. It was vented 
through the roof from each cell. 


Batch Experiments 


The cell was operated batchwise with 90-95 1 of 
potassium bromide solution. To decrease anode loss, 
the temperature was kept as constant as possible. 
The pH was not controlled and reached a maximum 
of about 10 when a slightly alkaline solution (less 
than pH 9) of bromide was used at the start of the 
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Fig. 3. Sanwa bromate cell. Dimension: length, 900 mm; width, 
500 mm; height, 400 mm. Anode: lead peroxide bar; length, 350 
mm; width, 50 mm; thickness, 7-9 mm. Cathode: stainless steel 
bar; length, 400 mm; width, 35 mm; thickness, 2.5 mm. Capacity: 95 I. 
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Table Operating conditions 
Starting electrolyte 
Cell Amount of 
KBr KBrO; Vol, Initial Current, voltage, Temp, Time, current, 
Run No. g/l g/l 1 pH amp Vv °C hr min 1000 amp-hr 
1 186 4 95 8.3 494 4.0 69 47 10 23.25 
2 173 6 90 8.9 506 3.9* 66 44 00 22.2; 
3 229 9 95 6.9 500 3.8 67 56 40 28.32 
+ 232 9 95 8.9 500 3.7 66 56 40 28.3. 
5 233 9 95 9.2 500 4.0 70 56 40 28.3. 
* Voltage reached about 4.6 v at the end of the electrolysis. 
Results 
Conversion 
KBrO; produced KBr of bro- 
Crystal In uncon- mide to Current 
Run obtained solution, Total verted, bromate, efficiency, 
No. kg kg kg kg %o To 
1 17.3 5.6 22.9 1.0 94.2 94.6 
2 15.7 5.4 21.1 0.4 97.4 91.3 
3 22.7 3.9 26.6 2.7 87.4 90.5 
+ 22.7 44 27.1 2.4 88.9 92.2 
5 24.0 3.1 27.1 3.0 86.7 92.2 


electrolysis. All electrolyses were conducted at an 
anodic current density of 20 amp/dm’*. Operating 
conditions and results are given in Table II. 

Two runs were made to determine what losses 
the anode might sustain (Table III). 

Lead peroxide losses averaged 53-56 mg/1000 
amp-hr and also 57-60 g/ton of product. It indi- 
cated that the loss amounted to about 2.2-2.6% of 
the original weight after the anode has been used 
for one year. Lead could not be detected in the 
product, the electrolyte, or in a black deposit which 
developed on the cathode. Lead was found in the 
slight amount of mud on the bottom of the cell. 


An Example of Commercial Production 
On a commercial scale, 24 cells were connected in 
series to make a circuit of 90 v and 500 amp. The 
cell system was divided into two solution series of 
12 cells each. Electrolyte was introduced into the 


Table III. Operating conditions 


Electrolyte: 180-220 g/l KBr, 15-25 g/l KBrO,, 
2 g/l K.Cr.0,, 
pH 9-10 (during electrolysis) 
Temp, 70°-85°C 


Amount 

Anodic of current 
Am- current per one 
perage density, anode, 


Current, perone amp/ Time, 1000 
Run No. amp anode dm? hr amp-hr 


Cell 1 (10 anodes) 600 60 30 2970 178 
Cell 2 (15 anodes) 1750 50 20 6170 308 


Results 
Weight of an © 
before after Loss 
elec- elec- per per ton 
trolysis, trolysis, Loss, 1000 amp-hr KBrO; 
Cell 1 1146.5 1136.5 10.0 56.2 60 
Cell 2 1043.6 1027.2 16.4 53.3 57 


* Cell 1, mean value of 4 anodes; cell 2, mean value of 10 anodes. 


cell by means of a glass tube through the cover at 
one end and was discharged by the same means 
through the cover at the opposite end. The flow 
maintained good circulation. 

A potassium bromide solution (pH 8-9), contain- 
ing approximately 210-220 g/l KBr, 19-24 g/l 
KBrO,, and 2 g/l K.Cr.O.,, was fed from a constant 
head tank into the cells. The concentration of bro- 
mide was adjusted so as to prevent crystallization 
of bromate during electrolysis. In a single pass 
through the cell, about 140 g/l of bromide was con- 
verted to bromate. The composition of cell effluent 
was approximately 270 g/l KBrO, and 90 g/l KBr. 
Results obtained are summarized in Table IV. 

Cell effluent was a very clear solution due to the 
insolubility of the anode, and filtration was not 
necessary. After electrolysis, the electrolyte was 
cooled to 20°-25°C with circulating water. About 
87% potassium bromate crystallized out. Almost all 
of the remaining potassium bromate in the mother 
liquor can be crystallized by adding a suitable 
amount of potassium bromide to return the elec- 
trolyte to the original concentration for a new cycle 
in the bromate cells. By this method, 97% of the 
bromate produced can be crystallized out without 
evaporation. 

Potassium bromate crystal thus produced has ex- 
cellent purity without recrystallization. Following 


Table IV. Characteristics of bromate production 


Current: 
Voltage: 


510-550 amp 

Ist cell 3.8 v, 2nd cell 3.7 v, 
other cells 3.5 v in 12 cells 
Current density, anodic: 20-22 amp/dm* 


Temperature: 65°-72°C (lst to 4th cells, less than 
60°C) 

pH: alkaline, less than about 10 

Rate of flow: 32 1/hr 


90-92% 
3.84 kwhr (d.c.)/kg KBrO, 


Current efficiency: 
Energy consumption: 


Cell feed: 210-220 g/l KBr, 19-24 g/l KBrO, 
260-280 g/1 KBrO,, 80-100 g/l KBr 


Cell effluent: 
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are the chemical specifications of the final product 
currently being produced: colorless crystal, KBrO, 
assay, 99.2-99.5%; bromide as KBr, 0.05-0.1%; free 
acid, 0.35 cc 1/50N NaOH/5 g KBrO,, max; total 
nitrogen, 0.002% max; sulfate, 0.005% max; heavy 
metals, 0.0005% max; iron, 0.0025% max. 


Manuscript received April 30, 1956. This paper was 
repared for delivery before the San Francisco Meet- 
ing, April 29 to May 3, 1956. 
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cussion Section to be published in the June 1958 
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High Temperature Oxidation of High Purity Nickel between 750° 
and 1050°C 


Earl A. Gulbransen and Kenneth F. Andrew 


Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 


ABSTRACT 


Kinetic studies on the oxidation of nickel using the vacuum microbalance 
method have been extended to 1050°C in order to determine the conditions and 
mechanisms of breakdown of the metal in oxidation. Below 900°C Ni oxidizes 
in the normal manner and the rate data fit in well with experimental rate 
relationship already established. At 900°C and higher, parabolic rate law 
plots of the data show increasing values of the constant with time. At 1000°C 
and higher, the oxide cracks away from the metal. It is suggested that Ni fails 
in protective oxidation due to a loss of adhesion at the oxide metal interface. 


A number of studies have been reported on the 
oxidation of pure Ni. These studies were reviewed 
in an earlier paper (1). In recent years precise 
data have been obtained on the kinetics of the oxi- 
dation of pure Ni at temperatures up to 900°C. 
Moore (2), using a volumetric method, studied the 
reaction over the temperature range 400°-900°C 
while Gulbransen and Andrew (1), using a sensitive 
weight gain method, studied the reaction over the 
temperature range 400°-750°C. Considering the 
differences in method and metal, good agreement 
was found. In both studies the parabolic rate law 
was used to correlate the experimental data. Using 
the classical rate theory of oxidation, Gulbransen 
and Andrew (1) proposed a mechanism of reaction 
based on the diffusion of Ni ions through cation 
vacancies. 

This paper extends the earlier work to 1050°C. 
Two objectives were of particular interest. First, to 
compare oxidation rate data with tracer studies (3) 
on the diffusion of Ni ions through nickel oxide and, 
second, to determine the conditions for transition in 
the mechanism of oxidation. Studies on several other 
metals (4) have shown that at some oxide thickness 
transition occurs from a slow protective oxide forma- 
tion to a more rapid nonprotective type of oxide 
formation. If this transition phenomena is found to 
occur for all metals and alloys, we are dealing with 
a question of great technical importance. 

Failure of metals in protective oxidation.—The 
use of metals and alloys at high temperature in many 
applications depends on the fact that the oxide film 
limits to a certain extent the rate of oxidation. In 
the protective range of reaction the rate of oxi- 


dation decreases as the oxide film thickens. How- 
ever, at some temperature, time, and oxygen pres- 
sure, or film thickness, the rate of oxidation under- 
goes a transition to a more rapid reaction in which 
the rate of reaction does not depend on the oxide 
thickness. This phenomena has been termed “catas- 
trophic reaction,” “breakaway corrosion,” “transi- 
tion reaction,” etc., depending on the degree of 
change in the reaction kinetics. The change in 
kinetics is referred to here as “failure in protective 
oxidation”; the film or scale is no longer rate con- 
trolling. The following physical and chemical fac- 
tors have been related to the onset of transition in 
the kinetics of the reaction: (a) volatilization of the 
oxide; (b) volatilization of the metal; (c) phase 
transformations in the oxide; (d) phase transforma- 
tions in the metal; (e) melting of the oxide; (f) 
loss of adhesion of the oxide to the metal; (g) com- 
bustion. 


Apparatus and Method 


Kinetic measurements were made using a vacuum 
microbalance method which has been described (5). 
However, to extend the range of the method, a low 
sensitivity balance was used as well as specimens of 
smaller area. In this way film thicknesses of 2000 
» g/cm’ weight gain could be measured. In terms of 
film thickness for NiO, this weight gain is of the 
order of 126,000A. The microbalance had a sensi- 
tivity of 4.75/division of 0.001 cm. 

Samples were prepared from high purity nickel 
strip purchased from Johnson, Mathey and Com- 
pany, London, and had no metallic impurities in 
excess of 0.0005%. Specimens were abraded through 
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4/0 polishing paper in a manner described pre- 
viously (6). 

Specimens had surface areas of 2.9 cm’ and 
weighed about 0.1890 g. 


Results and Discussion 


The rate of oxidation of high purity Ni was stud- 
ied as a function of time and temperature from 750° 
to 1050°C. Weight changes were calculated in units 
» g/cm* and converted to A of film thickness (1). 

To interpret the beginning of a transition in the 
kinetics of the reaction, careful observations were 
made on the color of the oxide and adherence of the 
oxide to the metal. Since these observations can be 
made only at room temperature after reaction has 
stopped, certain precautions were taken to assure 
the best experimental conditions. Thus, if the color 
of the oxide is used as a criteria of loss of contact 
between the oxide and metal, it is necessary to 
equilibrate the metal and the oxide when it is in 
good contact. The following procedure was adopted. 
After oxidation and before cooling, the oxygen 
atmosphere was removed and the system evacuated 
to a pressure of less than 10° mm Hg. Specimens 
were held at temperature for at least 15 min to as- 
sure equilibrium between the metal and that part of 
the oxide film in contact with the metal. 

Fig. 1 shows oxidation curves for the temperature 
range of 750°-1050°C for 2 hr of reaction time and 
an oxygen pressure of 7.6 cm Hg of oxygen. Curves 
were reproducible at the higher temperatures to 
+5%. Table I shows the thickness of the oxide film 
after 2 hr of reaction, the color of the oxide film 
formed, and visual evidence on the loss of adhesion 
of the oxide film as a result of cooling. 

The color of the oxide film was gray for tempera- 
tures up to 850°C, while above 900°C the oxide film 
was green. The color of the oxide was determined 
by the conditions under which it was formed. Thus 
green colored oxide films were formed under strong 
oxidizing conditions as shown by the studies of 
Bénard (7) and Bogatskii (8) and were probably 
not formed when the oxide was in equilibrium with 
the metal phase. Since all oxide films were equili- 
brated with the metal, this is interpreted to mean 
that the green colored oxide films are caused by 
a lack of contact of the oxide with the metal phase. 


“1600 
= 
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Time (min.) 
Fig. 1. Effect of temperature on oxidation of nickel,-7.6 cm Hg of 


O.. A, 750°C; B, 800°C; C, 850°C; D, 900°C; E, 950°C; F, 


1000°C; G, 1050°C. 
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Table |. Oxide film thickness vs. oxide color 


Thickness 


Temp, °C A‘ Color Stability 
750 102.5 6,450 Gray Adherent 
800 160.0 10,060 Gray Adherent 
850 224.0 14,090 Gray Adherent 
900 385.0 24,220 Dark green Adherent 
950 653.0 41,070 Green Adherent 

1000 1220.0 76,740 Green Nonadherent 
1050 1890.0 118,900 Green Nonadherent 


* Surface roughness ratio = 1. 


If the metal and oxide lose contact over a large 
area, the oxide film can crack away from the metal 
and the oxide becomes nonadherent. Stresses de- 
veloped between the metal and oxide as a result of 
cooling aid the process of cracking the oxide loose 
from the metal. 


Table I suggests a definite relationship between 
the color and the loss of adherence of the oxide as a 
result of cooling. The 950°C experiment was an 
intermediate case. 


The parabolic rate law was used to interpret the 
oxidation data. The equation states that W*= At 
+C. Here W is the weight gain, t is the time, and 
A and C are constants. Some of the oxidation ex- 
periments could be fitted to the cubic rate law. Since 
the cubic rate law has not been derived from ac- 
cepted physical principles, this rate law has not 
been used here in interpretation of the mechanism 
of the reaction (1) or of the transition phenomenon. 


To test the agreement of the data with the para- 
bolic rate law, plots were made of the square of the 
weight gain as a function of time. Fig. 2 shows the 
plot for the 750°C experiment. Here the value of 
the slope or rate law constant A decreases with time 
as oxidation proceeds. For this experiment the 
cubic rate law gives a better empirical correlation. 
At 750°C, the oxide film increases in its protective 
properties with increasing thickness faster than that 
predicted by normal diffusion processes. After 2 hr 
of reaction the change in rate law constant with in- 
creasing amounts of oxidation becomes a smaller 
factor. 

Fig. 3 shows a parabolic rate law plot for the 
900°C experiment. A detailed analysis of the plot 
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Fig. 2. Oxidation Ni, 750°C, 7.6 cm Hg of Oz, parabolic plot. 
Abraded through 4/0. A = 9.03 x 10-” (g/cm*)*/sec. 
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200,000 Table II. Parabolic rate law constants, (g/cm*)*/sec 

> Temp, °C Initial value 1-2 Hr value 

2 150,000 

750 9.03 x 10° 
800 2.46 x 10°” 

100,000 850 7.67 x 10°” 5.84 x 10" 

900 1.875 x 2.01 x 10™ 

£ 950 3.75 x 10 6.34 x 10™ 

& 50,000 1000 1.11 x 10” 2.41 x 

1050 4.083 x 10°” 5.55 x 10°” 

5 20 40 60 80 100 120 ~=SWtthe - 1-2 hr slopes. If the initial values could be de- 


Time (min.) 


Fig. 3. Oxidation Ni, 900°C, 7.6 cm Hg of O:, parabolic plot. 
Abraded through 4/0. Ainitias = 1.875 x 10™ (g/cm*)*/sec; 
Avene = 2.01 x (g/cm’)*/sec. 


shows a slightly increasing value of A as reaction 
proceeds. 

Fig. 4 shows a parabolic rate law plot for the 
1050°C experiment. Here, the slope A increases 
with the amount of oxidation. The increasing value 
of the slope A is taken as evidence for localized 
cracking of the oxide film and repair by oxidation. 
In the experiment the oxide was green and cracked 
away from the metal on cooling. 

Table II shows a summary of the parabolic rate 
law constants taken from parabolic rate law plots. 
For temperatures of 850°C and higher, the initial 
and 1-2 hr values of the constants were tabulated. 
The initial slopes were determined during the first 
10 min of reaction. Although the limiting slopes at 
times close to zero would be of theoretical interest, 
it was impossible to measure the reaction rate for 
these conditions. The very early stage of the reac- 
tion in addition was complicated by surface area 
and trace impurity effects. 

Fig. 5 shows a plot of the parabolic rate law con- 
stants A on a log A vs. 1/T plot. The results of the 
earlier work at 550°-700°C as well as a recent 
measurement of Zima (9) were plotted together 
with the results of the present work. The data show 
the initial slope to be higher than the 1-2 hr slope. 
This was shown also earlier (1). However, above 
900°C the initial slope was less than the final slope. 
The initial slopes above 900°C lie between the ex- 
trapolated values for the results below 900°C and 


4.0 
N 
E 
120 xi0® 
8, 1,0 
2 Initio! Slope 
% 20 40 60 80 100 120 
Time (min.) 
Fig. 4. Oxidation Ni, 1050°C, 7.6 cm Hg of Oz, parabolic plot. 
Abraded through 4/0. A'initias = 4.08 x 10° (g/cm*)*/sec; 


Ai-2nr = 5.56 x 10°” (g/cm*)*/sec. 


termined, it was suggested that these values would 
fall on an extrapolated line of BC in Fig. 5. 

The data below 900°C fit in well with the earlier 
work, using a heat of activation of 41,200 cal/mole. 
Above 900°C, the data may be falling on a second 
line having a slope which yields a heat of activation 
of about 68,300 cal/mole. However, if the oxide loses 
contact with the metal, the slope of this line has 
little meaning. 

The experimental heat of activation of 41,200 
cal/mole was in agreement with some preliminary 
observations of Moore (3) on the heat of activation 
involved in the diffusion of nickel in nickel oxide at 
temperatures greater than 1000°C using a radio- 
active tracer method. Using the same grade of 
nickel as that used in this study, Moore (3) obtained 
a value of 44,200 cal/mole for the heat of activation 
of the diffusion process. These values can be com- 
pared since the experimental heat of activation for 
both the oxidation experiments and the diffusion 
experiments contains the same two heat terms. 
These were: the heat of formation of defects for 
diffusion and the heat of activation of diffusion. 
Since the parabolic rate law constant involves both 
the heat of formation of defects and the heat of ac- 
tivation of diffusion as exponential terms, the defect 
concentration at the oxide-metal and oxide-gas in- 
terface changes with the temperature. 


Temp. °C 
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Fig. 5. Oxidation high purity nickel. Log A vs. 1/T, 600°-875°C, 
AHsc = 41,200 cal/mole; 875°-1050°C, AHin = 68,300 cal/mole. 
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This agreement of oxidation data obtained below 
900°C and the diffusion data of Moore obtained 
above 1000°C suggests that deviations observed at 
950°C and higher are due to a transition in the ki- 
netics of the oxidation reaction. The transition in 
the kinetics was probably due to local loss of ad- 
hesion at the metal-oxide interface with a subse- 
quent interruption of normal diffusion processes. 


Conclusions 

From experimental observations on (a) the color 
of the oxide film, (b) the cracking of the oxides on 
cooling, and (c) the deviations from the parabolic 
rate law it is concluded that the failure of nickel 
oxide in high temperature protective oxidation is 
due to a localized loss of adhesion at the interface 
between the oxide and metal. This failure occurs for 
this grade of nickel at about 900°C, at which tem- 
perature the parabolic rate law constant has a value 
of 1.88 x 10°" (g/cm’*)*/sec and a film thickness value 
of 400-600 » g/cm”. 

The failure of the oxide-metal adhesion may be 
related to one of several factors. (A) Stress may 
exist at the interface due to a mismatching of the 
nickel and nickel oxide lattice, which leads to 
failure as the oxide grows to a thick film. (B) Oxy- 
gen may dissolve in the nickel. This process could 
lead to small changes in the physical and chemical 
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properties of the oxide-metal interface which could 
cause failure. (C) Since oxidation results from a 
diffusion of nickel through the oxide, the oxide must 
continuously collapse onto the metal as nickel dif- 
fuses from the oxide-metal interface. This process 
will not occur uniformly due to the different reac- 
tion rates on the several crystal orientations of the 
metal grains. Thus, cohesion between the oxide 
crystals and cohesion between the alloy and oxide 
would be diminished. 


Manuscript received December 5, 1956. This paper 
was prepared for delivery before the Washington Meet- 
ing, May 12-16, 1957. 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1958 
JOURNAL. 
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Impedance at Polarized Platinum Electrodes in Various 
Electrolytes 


James N. Sarmousakis and Manfred J. Prager 


William H. Nichols Chemical Laboratory, New York University, New York, New York 


ABSTRACT 


The results of alternating current bridge measurements of the impedances 
of bright Pt in contact with 1N aqueous solutions of KCl, KBr, and KI as func- 
tions of polarizing voltage and alternating current frequency are presented. 
The data may be interpreted in a manner similar to that for experiments with 
acid solutions. Various factors are discussed which may determine the de- 
pendence of the impedance on frequency for the electric double layer at 


rough surfaces. 


The alternating current impedance of a polarized 
electrode immersed in an electrolyte can give much 
information (1-4) concerning conditions existing 
and processes occurring at or near the metal-elec- 
trolyte interface. Recent studies of this electrical 
property for bright Pt have been carried out by 
Ershler and his co-workers (5, 6) and by Schuldiner 
(7,8) primarily from the kinetic point of view, 
while the work of Robertson (9), Wilburn (10), and 
Kheifets and Krasikov (11) on the same subject has 
been concerned mainly with the states of metal- 
solution systems at equilibrium. However, no sys- 
tematic, comparative investigation has been re- 
ported as yet having to deal with bright Pt dipped 
in aqueous solutions of a number of halides of the 


same alkali metal. Accordingly the authors, employ- 
ing an impedance bridge method, have determined 
the impedances of bright Pt in contact with 1N 
aqueous solutions of KCl, KBr, and KI to small 
alternating currents passing through the metal 
polarized at various direct potentials, as a function 
of the polarizing voltage and the frequency of the 
alternating current. 


Experimental 


The apparatus and procedures used for the meas- 
urements were essentially those of Robertson (9) 
with some modifications. 

The glass assembly, Fig. 1, consisted of a Pyrex 
cell A attached to an evacuating assembly, J and M, 
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Fig. 1. Diagram of an apparatus for the determination of the im- 
pedance of a Pt microelectrode at fixed polarizing voltage. S, oscil- 
lator; D, amplifier; F, filters; O, oscilloscope; T, bridge transformer; 
Ri, 10 ohms; R2, 10,000 ohms; R;, 1000 ohms; G, galvanometer; R,, 
11111.1 ohms in steps of 0.01 ohm; C:, 1.111 uf in steps of 0.0001 
uf; A, cell; B, microelectrode; C, counterelectrode; D,, Dz, reference 
electrodes; E, 500 mi flask; H, copper furnace; | gas wash bottle; J, 
mercury manometer; M, dry ice-acetone trap; N, ungreased stop- 
cock; R, 50 ml beaker; U, Tygon connection; L, 62 Henry induc- 
tance; K, type K-2 potentiometer; P, Student’s potentiometer. 


and to a storage flask E in which the electrolyte 
could be degassed and then saturated with nitrogen 
entering from a train made up of a hot-copper 
furnace H and a saturator I. The electrolyte could 
then be transferred from flask E to cell A by a 
simple rotation, without coming into contact with 
grease. Contact between the electrolyte in the cell 
and the electrode vessel R was made through the 
closed ungreased stopcock N. Only the stopcocks 
leading to the dry-ice trap M and from the saturator 
I and the ground-glass joint from flask E to cell A 
were greased, the lubricant being Apiezon M grease. 

There were two electrodes in cell A, the micro- 
electrode B and the counter electrode C. The micro- 
electrode B was made by sealing a length of Pt wire 
into a soft glass capillary tube so that only a cross 
section of the wire was exposed at the end of the 
capillary. The exposed end of the wire was then 
polished with successively finer grades of emery 
paper down to grade 0000 and finally on a metal- 
lurgist’s wheel with a microcloth using first fine 
alumina and then Linde Air Products Type B-5125 
Fine Abrasive. Measurement of a photomicrograph, 
made with a metallurgical microscope, gave the ap- 
parent area of the polished cross section of the Pt. 

The counter electrode C was of much larger area 
than that of B so that its impedance compared with 
that of B was negligible. It was prepared by coating 
the bottom of the Pyrex cell, into which a Pt wire 
lead had been loosely sealed, with Liquid Bright 
Platinum No. 05.’ After having been fired with a 
Tirrill burner flame, the mirror formed was plated 
(12) with a layer of Pt black. The seal through 
which the wire lead passed was made tight by the 
Pt deposited. 

D, and D, in Fig. 1 were normal silver-silver hal- 
ide reference electrodes. Ag-AgCl and Ag-AgBr 
electrodes were prepared according to the method 
of Harned (13), Ag-Ag I electrodes by the method 
of Owen (14). These electrodes were constantly 


1Made by the Hanovia Chemical and Manufacturing Co., 100 
Chestnut St., Newark, N. J. 
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checked, the chloride electrodes against calomel 
electrodes (15), the bromide and iodide electrodes 
by intercomparison of three electrodes of each type 
with each other. 

The polarizing potential was applied across elec- 
trodes B and D, by means of a L&N Student’s po- 
tentiometer P and measured across B and D, by 
means of a L&N Type K-2 potentiometer through a 
sensitive galvanometer G. 

Electrodes B and C of cell A formed the unknown 
arm of a series-resistance bridge with equal ratio 
arms. The bridge was of the completely shielded 
type, cell A being the only component unshielded. 
The equal ratio arms were constructed as a Camp- 
bell-Shackleton unit (16). On measurement of L&N 
Type 106 mica capacitors in series with various 
values of resistance, it was found that the accuracy 
of the bridge was better than 1% and was indepen- 
dent of frequency. 

The bridge was activated at a level of 2 mv by an 
oscillator S through a potential divider and an isola- 
tion transformer T with shield ungrounded. The de- 
tector circuit consisted of a high gain amplifier D 
tuned by means of a Wien bridge feedback circuit, 
of bridged-T line frequency filters F, and of an 
oscilloscope O. 

The Pt was by report 99.5% pure.’ All salts were 
reagent grade at least once recrystallized. Solutions 
were prepared from water obtained as a middle 
fraction on distillation of a solution of KMnO, in 
distilled water after long refluxing. N, was passed 
over Cu at 450°-500°C to remove oxygen. 

An experiment began with the cleaning of the ap- 
paratus. The cell A and flask E, kept in concentrated 
HNO,, were rinsed with water and then steamed 
for at least 1 hr over alkaline permanganate solu- 
tion. The microelectrode, kept in distilled water, 
was immersed in warm concentrated HNO, for 5 min 
and then washed with water. The apparatus was 
assembled after the appropriate solution was 
poured into flask E. The system was then flushed 
with N, for % hr and evacuated for 2 hr with an oil 
pump to remove dissolved gases. N. was reintro- 
duced to bring the system to atmospheric pressure. 
Solution was then transferred to the measuring cell 
from the flask. The reference electrodes were as- 
sembled to the apparatus and checked. 

To remove trace impurities from the surface of 
the Pt electrode the procedure described by Robert- 
son (9) was used. The Pt electrodes in contact with 
the KCl, KBr, and KI solutions were polarized re- 
peatedly over the voltage ranges —0.6 to 1.0, —0.4 
to 0.85, and —0.2 to 0.55, and back, respectively, the 
voltages given being referred to the corresponding 
silver-silver halide electrodes. This process was 
terminated when the capacity of the electrode, 
measured at a given desired potential, reached a 
permanent maximum value. 

After the potential of the electrode was set at a 
given value, readings on the bridge were made 
every five min. The capacity generally decreased 
with time, at first rapidly, and then more slowly. A 
final reading was taken when its value was different 


2Supplied by the American Platinum Works, 231 New Jersey 
Railroad Ave., Newark, N. J. 
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by less than one-half of one per cent from the pre- 
vious reading. This usually meant a change of no 
more than 0.0001 yf in capacity in 5 min. These 
values of capacity and those corresponding of resist- 
ance are discussed in the next sections. 

The experiments were carried out at room tem- 
perature which varied from 24° to 31°C during the 
period of the investigation. 


Experimental Results 


When the equal-arm impedance bridge was 
brought to balance, the capacity and resistance in 
series in the standard arm were electrically equiva- 
lent to the microelectrode as a circuit component at 
the given frequency and polarizing voltage. 

Capacity as a function of polarizing voltage.—In 
Fig. 2 are represented all the experimental values 
of the capacities, measured at a frequency of 980 
cps, for a single microelectrode immersed in 1N KBr 
and in 1N KI solutions as a function of polarizing 
potential. The polarizing potentials are referred to 
the normal Ag-AgC]l electrode as standard. In calcu- 
lating these values of potential it was assumed, on 
the basis of computations employing the Lewis and 
Sargent equation (17), that the liquid junction po- 
tentials between the potassium halides were negli- 
gible (less than 0.01 v). The capacities are given 
in microfarads per square centimeter as calculated 
from the bridge readings and the area** of the elec- 
trode, 1.42 x 10° cm’. 

The curves are similar in form to those of Dolin 
and Ershler’ for 1N solutions of HCl and H.SO,, and 
for 0.03N and 0.2N solutions of HCl 1N in KBr. In 
particular, the curves in Fig. 2 show a maximum at 
cathodic potentials near that for the reversible 
evolution of H, at unit activity. This maximum is 
followed by a decrease to a flat minimum at inter- 
mediate potentials. The minimum is followed by 
a sharp rise in capacity in the anodic region at po- 
tentials not far away from those at which the halo- 
gens would be evolved reversibly at unit activity. 
The sharp rise in capacity at highly anodic poten- 
tials has been followed in detail by Robertson (9) 
for 1N HCl. The minimum capacity for both salts 
appears to be about 18 » f/cm* to be compared with 
19 » f/cm* for 1N HCl as found by Robertson (9). 

Capacity as a function of frequency.—In Fig. 3 are 
represented the capactities in microfarads per 
square centimeter of the microelectrode as a func- 
tion of the reciprocal of the square root of the fre- 
quency of the alternating current used in the meas- 
urement, at various polarizing voltages as indicated. 

® Measurements of the capacity of this microelectrode, with KI 
as electrolyte, at the beginning and end of the work, had a maxi- 


mum dispersion of 5%, indicating no change in effective area of 
the electrode surface within experimental error. 


* Values of capacity per unit area were measured at nine differ- 
ent polarizing potentials for this electrode and for another of area, 
2.05 x 10-* cm? immersed in 1N KCl. The average of the various 
ratios of difference in capacity of the two electrodes to average ca- 
pacity was approximately 7%. The data are not given in detail since 
the capacities were varying with time at a rate greater than one 
half of one per cent per five minutes. 


* The bridge used by Dolin and Ershler in ing ir d 
had a standard arm containing a capacitor and resistance ‘in par- 
allel. The values of capacity and resistance in series as used in this 
investigation may be converted by calculation with standard for- 
mulas to values in a parallel combination like that of Dolin and 
Ershler. The magnitudes of capacity in series and that in parallel 
differ from about 5% to about 12%. The shape of the curve in Fig. 
2 would not be changed significantly by the transformation. 
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Fig. 2. Dependence on the polarizing potential, referred to a 
IN Ag-AgCl electrode, of the capacity, measured at 980 cps, of a 
Pt electrode immersed in 1N KBr and 1N KI solutions. 


At least 60% of the points at each potential repre- 
sent averages of at least two independent measure- 
ments. However most of the points referring to KBr 
and polarizing potential, —0.55 v, and to KI and 
polarizing potential, 0.03 v, refer to the results of 
single measurements. 

The reproducibility of the data used for Fig. 3 
was no worse than that indicated by the scatter of 
the points in Fig. 2. It may then be presumed that 
the absorption of trace impurities does not play a 
very significant role in determining the frequency 
dependences as shown by the graphs. Inspection of 
the curves makes it appear possible that there is a 
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Fig. 3. Dependence on the frequency of the measuring alternating 
current, of the capacity of a Pt electrode immersed in aqueous 
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linear dependence of capacities on the reciprocal of 


the square root of the frequency at higher frequen- 
cies. At lower frequencies there is a tendency for 
the points to fall below the lines drawn through the 
points at higher frequencies. This trend, if con- 
tinued, would lead to the maxima of capacity at 
lower frequencies found by Robertson (9). 

Increase of frequency by a factor of ten from 480 
cps produces an increase of about 35-45% for 1N 
KCl and of about 15-25% for 1N KI. The percentage 
increases for each of the two salt solutions are the 
same, within the experimental scatter, at all polar- 
izing potentials studied. For 1N KBr, the corre- 
sponding increases are approximately 20% for the 
two most positive polarizing potentials and about 
60-80% for the other potentials. This variation of 
the fractional increases in capacity, as potential 
varies, lies outside the experimental scatter of the 
measurements, and gives rise to an apparent anom- 
aly in the results for the bromide solution for which 
no explanation can at present be offered. 

Resistance.—Resistance measurements by the pro- 
cedure described are highly irreproducible. The ex- 
tent to which this statement is true may be seen in 
Fig. 4 in which are shown the apparent series re- 
sistances plotted as functions of the potential of 
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Fig. 5. Dependence on frequency of the apparent resistance of a 
Pt electrode immersed in 1N KCI, KBr, and KI solutions and for 
various polarizing potentials referred to a IN Ag-AgCl electrode. 
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Fig. 6. Dependence on the polarizing potential referred to a IN 
Ag-AgCl electrode, of the conductivity, in parallel with capacity, 
of a Pt electrode immersed in 1N KBr and IN KI solutions. 
Measurements at 980 cps. 


the microelectrode. These resistances in series 
with the capacities of Fig. 2 are equivalent to the 
microelectrode as electric circuit elements. Resist- 
ances are low at cathodic potentials and high at 
anodic potentials. 

As already pointed out by Dolin and Ershler (6), 
Robertson (9), and Grahame (2) for systems in- 
volving solid electrodes which they studied, the 
series resistance is large at low frequencies and de- 
creases very rapidly with increase of frequency for 
all the salts and at all potentials. Broken line graphs 
are drawn on a logarithmic scale in Fig. 5 to repre- 
sent the resistance-area products in ohm cm’ corre- 
sponding to the capacities shown in Fig. 3. The 
crossed dashed lines serve to indicate the values of 
the powers of ten, M and N, for the groups of curves 
closest to them, each of which corresponds to a dif- 
ferent electrolyte as shown. The apparent resist- 
ance appears to be roughly inversely proportional to 
the first power of the frequency, the power being 
greater than one at low frequencies and less than 
one at higher frequencies. 

The similarity in behavior, illustrated in Fig. 2, of 
the series capacity, as the polarizing potential 
changes, to that of the parallel capacity determined 
by Dolin and Ershler for their systems has already 
been noted. When the data for series capacity and 
resistance are used to calculate the equivalent com- 
bination of capacity and resistance in parallel and 
the reciprocal of resistance (conductivity) obtained 
therefrom, it is found that the resulting values of 
conductivity also change with polarizing potential 
in much the same way as do the corresponding 
quantities determined by Dolin and Ershler (see 
Fig. 6). 


Discussion 
The variables which may be considered to deter- 
mine the combination of capacity and resistance 
equivalent to the microelectrode as an electrical 
circuit component are (a) type of electrolyte, (b) 
polarizing potential, (c) frequency, (d) roughness 
and nonhomogeneity of the electrode surface, (e) 
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shape of the electrode and its symmetry, and (f) 
presence of trace impurities at the surface. 

The shape factor may be considered as not im- 
portant on the presumption that the Pt electrode 
used in this work behaved much like those of 
Robertson (9) whose results indicate a similar be- 
havior of plane and spherical electrodes with similar 
dependence of capacity on frequency at a given 
potential in 1N HCl. Further, considering the de- 
gree of reproducibility of the values of the capacity 
as shown in Fig. 2, the adsorption of trace impurities 
is probably not a significant factor. 

As has already been pointed out for Fig. 2 and 4 
the capacities and conductivities vary with polariz- 
ing potential in much the same manner as has been 
reported by Dolin and Ershler (6) with maxima at 
cathodic potentials and minima at intermediate 
potentials. In addition there is the sharp increase in 
capacity at anodic potentials which appeared in one 
experiment by Dolin and Ershler (6) and was fol- 
lowed in detail by Robertson (9) for 1N HCl at 
polarizing potentials close to that for the reversible 
evolution of Cl, at unit activity. There appears no 
reason to interpret the data in a way other than that 
of Dolin and Ershler. At cathodic potentials the 
discharge of hydrogen ion and reduction of water 
and adsorption of hydrogen together with produc- 
tion of hydroxyl] ion give rise to a high capacity. At 
intermediate potentials where no reaction should be 
occurring, the electric double layer at the metal- 
solution interface should be the most important 
determining factor. At anodic potentials the sharp 
rise in capacity may be associated with a “pseudo- 
capacity” such as that described by Grahame (18) 
as occurring at the reversible potential of an elec- 
trode reaction. In this case the reversible poten- 
tial should be that of the discharge of iodide and 
bromide ions. 

The values of the potentials of the minima in 
capacity for the KBr and KI solutions are probably 
determined mainly by the rise in capacity due to 
reversible reaction commencing, so that they can- 
not be expected to have significance with respect to 
the structure of the double layer. 

For the clean, smooth, and symmetrical surfaces 
presented by freshly formed mercury drops, there is 
no dependence on frequency of the measured capac- 
ities and resistances, which last are made up only 
of the bulk-electrolyte and lead resistances as com- 
ponents (19). It has further been shown experi- 
mentally that the variation of capacity with fre- 
quency for Tl, Cd, and Pb electrodes is much de- 
creased by melting the electrode to form a smooth 
surface (20). If shape effects and the adsorption of 
trace impurities are to be assumed as not important 
in determining the variation with frequency of the 
capacity of the Pt electrode in contact with alkali 
halide solutions at potentials where no reaction can 
be occurring, then it may be presumed, as has al- 
ready been emphasized by Grahame (1,2), that 
roughness is still an important factor even with the 
type of polishing previously described. . 

Any theory which is formulated to relate rough- 
ness to the frequency dependence of the measured 
impedance must be capable of explaining both the 
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relatively small dispersion of the capacity and the 
much larger dispersion of series resistance of the 
electrode. For example, one might consider that, 
as the electric potential alternates during a meas- 
urement, the surface concentrations of ions in the 
hollows of the rough surface would oscillate, causing 
the hollows to become sources and sinks of ions 
moving out to and in from the bulk of the solution. 
The ease with which transfer by diffusion and mi- 
gration would remove and supply these ions would 
then be frequency dependent. However, it would 
require an extensive mathematical procedure to 
determine whether this explanation would account 
for the differences in dispersion of the capacities and 
resistances just mentioned. Experimental work on 
surfaces of known roughness is desirable, together 
with theoretical analysis, before circuit components 
equivalent to the electrode can be set up unambigu- 
ously. 

As has been pointed out by Grahame (1), double 
layer capacities for solid surfaces can be obtained 
by measurements at very high frequencies. The 
linear dependence of capacity on the square root of 
frequency which seems to be exhibited by the 
graphs of Fig. 3, especially for those curves involv- 
ing small capacities, and corresponding to polariz- 
ing potentials in the double layer region, if con- 
tinued to higher frequencies, may provide a means 
for carrying out extrapolations to infinite frequency. 
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Technical Note 


Electrodeposition of Lead from the Pyrophosphate Bath 


J. Vaid and T. L. Rama Char 


Department of General Chemistry, Indian Institute of Science, Bangalore, India 


Lead is commonly plated from the fluosilicate, 
fluoborate, and sulfamate baths. Belyaer (1) used an 
alkaline bath containing lead acetate, sodium hy- 
droxide, rochelle salt, rosin, and gelatin. Ferguson 
and Hovey (2) state that a solution containing so- 
dium pyrophosphate, copper acetate, and lead ace- 
tate showed little promise for Cu-Pb alloy plating. 
This laboratory has undertaken a detailed investi- 
gation on the electrodeposition of various metals 
and alloys from the pyrophosphate bath. The plat- 
ing of Pb was studied mainly in connection with 
work on Pb-Sn alloy deposition. 


Experimental 

Plating solutions were prepared by addition of 
sodium pyrophosphate to lead nitrate, a complex, 
Na.[Pb(P.O,)], being formed. Potentiometric and 
conductometric titrations showed that the ratio of 
pyrophosphate to Pb in the complex is 1:1. The Pb 
ion concentration in the solution and the instability 
constant K of the complex as found from potential 
measurements were of the order of 10°” g ion/1 and 
10°”, respectively (3). Rogers and Reynolds (4) re- 
ported a value of the same order for K of the 1:1 
complex, whereas Halder (5) has stated that there 
are two complexes corresponding to 1:1 and 2:1 
ratios, K for the latter being 10°. The pyrophos- 
phate content of the bath was always in excess of 
that required for complex formation. The bath con- 
trol did not present any difficulties. 


Cylindrical Cu-plated Pt cathodes (diameter % 
in., length 1% in.) and Pb anodes (diameter 15% in., 
length 1 in.) were used, the immersed anode 
area being four times the cathode area (3 in.*). Plat- 
ing time was 20-30 min; volume of solution used 
was 175 cc. The rest of the experimental procedure 
was the same as described before (6). Cathode po- 
tentials (hydrogen scale) were reproducible to +5 
mv. Photomicrographs of a thick coating of Pb on 
Cu plate were taken with a Vicker’s projection mi- 
croscope. X-ray powder patterns of the deposits 
were obtained from a Siemans Baujahr 1950 model 
unit, with a 57.3 mm diameter camera. 


Experimental Results 

Table I gives the effect of variation of electrolyte 
concentration and current density on the cathode 
efficiency and potential. Data recorded correspond 
to good quality deposits. The decomposition poten- 
tial for the plating solution was 1.6-1.7 v. 

Cathode efficiency was 90-100% throughout. 
Gelatin decreased the efficiency as well as the limit- 
ing current density (48-29 amp/ft*). A solution 
containing 0.05M Pb(NO,). could be regarded as 
optimum. The specific resistivity and cathode po- 
larization decreased with increase in metal ion con- 
centration. The increase in polarization with the 
addition of gelatin has also been observed in Sn 
deposition from the pyrophosphate bath (6). The 
throwing power of the solution was quite good, the 


Table |. 1200 rpm cathode, 60°C, 0.2-1.1 v, pH 9.5, anode efficiency, close to 100%. For each concentration the first figure under current 
density gives the efficiency per cent and the second the cathode potential (— sign) in volts on H scale. Static potential, -—0.45 v; reference 
electrode, saturated calomel 


Concentration, g/1 Sp. resistiv- 


Current density amp/ ft? 
Lead Pyrophosphate ity, ohm/cm* 5 10 19 29 38 48 
2.1 7.0 55.1 93 94 89 88 
0.70 0.70 1.24 
2. 5.2 17.5 29.2 92 95 97 92 90 —_ 
0.59 0.68 0.93 
3. 10.4 35.0 15.9 95 96 99 98 94 93 
0.57 0.59 0.71 1.10 1.20 —_ 
10.4 35.0 
(+ gelatin 0.5 g/1) 15.9 87 87 80 59 — ~- 
0.59 1.37 1.64 1.74 — -- 
4. 15.5 52.0 11.8 95 96 100 100 100 96 
0.56 0.57 0.66 0.74 1.03 a 
5. 20.7 70.0 9.5 95 99 100 100 100 96 


0.54 0.57 0.65 0.73 0.93 1.06 
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Table 1-3, 19 amp/ft*; (right) same with gelatin. Magnification, 
500X before reduction for publication. 


Schlotter-Korpiun value (7) being in the range 1.7- 
4.7. 

The bath gave adherent and grayish-white de- 
posits on Cu (steel or brass) cathodes. The deposit 
became finer grained and bright (matte) by adding 
gelatin (Fig. 1). It has a face centered cubic 
structure, with a = 4.93A. The deposits (0.001 in.) 
were nonporous as indicated by the ferroxyl test 
(steel base), and the corrosion resistance was good 
in the laboratory atmosphere (0.001 in., 4 months). 
The time required to deposit 0.001 in. thickness at 
25 amp/ft* was 18 min. 

The performance of the pyrophosphate bath for 
Pb plating appears to be satisfactory. The deposi- 
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tion of Pb-Sn alloys from this bath will be reported 
later. 
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A Review of Patents on Silicon Carbide Furnacing 


J. C. McMullen 


Research and Development Division, The Carborundum Company, Niagara Falls, New York 


The value of a good abrasive was brought to Ed- 
ward Goodrich Achesons’s attention by one of the 
members of Tiffany and Company. Remembering 
one of his early experiments in which clay, when 
heated in a gas-fired furnace, was converted to a 
hard, carbon-impregnated substance he decided to 
subject clay and carbon to the influence of electric 
heat. A small iron bowl was attached to one lead 
from a dynamo and filled with a mixture of clay and 
powdered coke. A carbon rod attached to the other 
lead was inserted. Current was passed through the 
mixture until the center was heated to a very high 
temperature. An examination of the cold mass re- 
vealed a few bright specks on the end of the carbon 
rod. When drawn across a pane of glass the rod tip 
cut like a diamond. The new material, he thought, 
was composed of carbon and corundum. 

Acheson soon modified the furnace by construct- 
ing a horizontal one with firebrick walls. Between 
two electrodes he placed a conducting core of loose 
graphite surrounded by a mixture of clay, carbon, 
and salt. The first patent relating to SiC was issued 
to him in 1893 (1). It details the method of manu- 
facture and correctly describes the product as SiC. 
While there have been improvements in furnacing 
and in mix proportions, the principles as developed 
by Acheson are still in use today in the commercial 
production of SiC. 

To keep this review within bounds, only those 
United States patents which show marked changes 
over the original patent, at least in the writer’s 
opinion, will be discussed. A complete list, com- 
prising 59 of the subject patents reviewed, is given 
in the appendix. An attempt is made to arrange the 
subject matter in groups rather than chronologi- 
cally. 


Resistance Furnaces 


In the original patent, a mix composed of 50% 
pure carbon, 25% clay, and 25% common salt was 
used. The salt was deemed necessary to act as a flux 
which on melting brought the particles of clay and 
carbon in intimate contact. The use of salt is men- 
tioned frequently throughout the patent literature 
on SiC. Kirchner (48) described the action of salt 
as follows: “The salt tends to reduce the impuri- 
ties in the resultant product, since it reacts at high 
temperatures with impurities containing iron and 
some other elements to form volatile chlorides.” 
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In Acheson’s second patent (2) issued in 1896, the 
clay is replaced by silica. Carbon is used in stoichio- 
metric proportions rather than in excess as stated in 
the original patent. A generous amount of salt, 9%, 
is still added as a flux. Also 4% of sawdust was 
added to promote permeability to the mix. 

F. J. Tone was issued 17 patents from 1902 to 
1913. Two patents (9,11) describe a furnace with 
movable sidewalls. These walls were made in sec- 
tions composed of iron frames lined with firebrick. 
This eliminated repeated handling of individual 
bricks used in assembling the SiC furnace. 

According to the accepted equation for the forma- 
tion of silicon carbide (SiO, + 3C = SiC + 2CO), 
1.4 tons of CO gas is generated for each ton of SiC 
produced. The heat value, on combustion, of this CO 
is equivalent to 3560 kwhr and, since 8000-12,000 
kwhr is required to produce a ton of SiC in com- 
mercial furnaces, the recovery of the waste gas 
offers one method of reducing manufacturing costs. 

Tone’s patent (13) in 1908 described a furnace 
heated by a combination of electric power and com- 
bustion of gases generated during the operation. 
However, during one experiment an explosion oc- 
curred and further work on this method was aban- 
doned. 

Tone was granted two patents (16, 24) disclosing 
the use of a solid carbon core, which would be more 
consistent in physical properties than a loose core. 
However, the resistance of a solid rod is so low that 
either its length has to be greatly increased or its 
cross section reduced. Tone increased the length by 
the use of a zig-zag pattern. Since a loose graphite 
core, surrounded by the conventional sand-coke- 
sawdust mix, is used today, it indicates that a solid 
rod is not practical with this type of furnace load- 
ing. 

In 1909 Tone patented (15) a pot-type furnace for 
producing SiC. As furnacing proceeds, mix is added, 
and vertically depending electrodes raised until a 
complete ingot is formed. 

Ridgeway was an important contributor to the art. 
His patents (45,47) disclose a radical departure 
from the conventional furnace method. He reasoned 
that SiC, since it becomes an excellent electrical con- 
ductor when heated, could be used as a core. A 
jointed graphite rod of small cross section is used 
to preheat the core composed of SiC-containing fur- 
nace by-products. A low voltage is used until the 
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graphite rod is consumed, and the remainder of the 
heat is made with increased voltage. It is claimed 
that the efficiency is improved by making use of 
the SiC by-products. The entire furnace charge 
tends to be heated electrically rather than by 
thermal radiation from a large central core. 

Ridgeway also developed a closeable furnace 
(52,55) for making abrasive metal carbides. The 
object here was to minimize losses by oxidation 
of the product and by volatilization. While the 
method is advantageous in making boron carbide, 
it is not particularly applicable for making SiC as 
losses, except for CO, are negligible. 


Improved Product 

According to Acheson’s patent (22) of 1912, a new 
product different in appearance and having a tough- 
ness and hardness at least equal and perhaps 
greater than the normal product is formed when 5% 
boron oxide is incorporated in the furnace mix. 
Since the resultant SiC was found to be essentially 
boron-free, he postulated that the unusual pro- 
perties are due to the modifying influence of the 
boron during the reaction. This suggests that other 
additives be tried to determine the effect on the 
crystal habit of SiC. 

Tone’s patents (17, 23) in 1910 and 1912 deal with 
making clear crystals of SiC using pure raw mate- 
rials. Such crystals, it is claimed, possess double 
refraction and are of great value as gems, for they 
can be cut with regular facets and polished. 

Hutchins in 1933 (44) described a method of pro- 
ducing a dense SiC, by adding 3% excess carbon 
to the mix and furnacing with a 30% increase in 
power rate over that normally used. Lumps of the 
new material, it is claimed, have an apparent den- 
sity of 2.6 or greater while the ordinary variety is 
usually less than 1.8 g/cc. SiC made by the process 
is said to consist of densely compacted masses having 
a structure very similar to that of a material solidi- 
fied from a molten state. It is also claimed that the 
dense material has a more uniform and also a lower 
electrical resistance than that of normaliy furnaced 
crystalline material. 


Furnace Mix 

A patent by Hutchins (34) in 1920 pertains to the 
more uniform production of SiC. During furnace 
operations the highly heated vapors of silicon and 
silica tend to rise through the charge. This results in 
a concentration of siliceous compounds in the upper 
part of the furnace, and a deficiency of these com- 
pounds in the lower part. In Hutchins’ preferred 
method the bottom of the furnace is loaded with 
mix having a SiO./C ratio of 1.94 while mix with a 
1.70 ratio is used in the top. Since both of these are 
in excess of the theoretical ratio of 1.67, it indicates 
that some Si leaves the reaction zone and is either 
condensed in the outer by-product material or is 
lost to the atmosphere. 

A patent by Kirchner (48) in 1935 is the only one 
dealing with the pore forming material used to pro- 
mote permeability in the raw mix. He advocates the 
use of buckwheat or other seed hulls to replace 
sawdust, since they are more consistent physically 
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and chemically and allow better control of the fur- 
nace mix. 


Use of Silicon Compounds 

Four patents cover the use of materials other than 
free silica or silicon, with carbon, to form SiC. 

Dorseman (5) in 1902 heated ZnSiO, and C in a 
closed arc furnace to produce metallic Zn and SiC. 
Zn vapors are condensed to a liquid and the CO is 
vented. The removal of the SiC from the closed 
furnace is not clearly described but it appears that 
this would present quite a problem. 

Weber (8) in 1903 described a process for the 
manufacture of alumina and SiC from kaolin. Cal- 
cined clay and coke, both finely ground, are heated 
electrically forming a mixture of ALC, and SiC. In 
water, the former hydrolyzes and the inert SiC 
crystals settle out. 

Thoms (25) in 1912 found a method of making a 
SiC in filament form as follows “. .. . admitting to 
an evacuating flashing jar a predetermined amount 
of the vapors of silicon tetrachloride, then a prede- 
termined amount of a mixture of hydrogen and 
ethylene gases and then in flashing a carbon core in 
such atmosphere.” 

Peacock (30,31) in 1915 heated feldspar and C to 
2500°C in a N atmosphere to form carbo-nitrides of 
Al and K. After these gaseous products are col- 
lected, the temperature is raised to a purported 
3500°C to form SiC. 


Shaped Articles 

Twelve patents relate to furnacing of definitely 
shaped articles of SiC. In most cases, the resistance- 
type furnace was used as a medium for heat-form- 
ing articles of SiC from preshaped carbon, wood, 
fine silicon carbide, or mixtures of silicon or various 
silicon compounds with C (4, 10, 14, 19, 20, 21, 27, 
and 28). In two patents (26,46) articles are con- 
verted to SiC by an arc. In one case (42) the re- 
action is carried out in an induction furnace. 

Geiger (58) in 1947 was successful in forming SiC 
at relatively low temperatures from an intimate 
mixture of finely divided C and Si previously 
molded to a desired shape. By maintaining non- 
oxidizing conditions the reaction was completed be- 
tween 1200° and 1500°C in a fuel-fired furnace. 


Continuous Furnaces 

There have been numerous attempts to produce 
SiC continuously. The advantages of such a process 
might include a saving in labor and power through 
recuperation of waste heat, collection and use of 
the CO gas, as well as a saving in operating space 
required. However, there are many difficulties to 
be overcome due to the high temperatures involved, 
the lack of free flow of the materials and product, 
and the abrasive action of the moving materials. 

Roberts (3) in 1897 patented a process using a 
modified arc furnace. A horizontal column of mix 
is fed by a mechanical conveyor between carbon 
electrodes. The electrodes are first positioned so as 
to strike an arc, then gradually separated as the 
SiC is formed and becomes the conductor. A rib- 
bon of product emerges and there remains the prob- 
lem of separating the SiC and the unconverted mix. 
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Tone (18) in 1910 illustrates two methods of 
making SiC continuously. In the first case granular 
core material is supplied at and around an upper 
electrode and is surrounded by the mix of carbon 
and siliceous material. The containing walls move 
downward, carrying with them the charge and core, 
at a rate governed by the ingot diameter represent- 
ing most economical production. The lower elec- 
trode is tapered so that the core material and fin- 
ished product move outward and may be removed 
readily from the furnace. 

In Tone’s alternate scheme, the mix, supported on 
cars, is moved continuously under two stationary 
vertically depending electrodes. After the charge 
passes the second electrode, the products are re- 
moved. The principal objection is again the dif- 
ficulty of separating the SiC from the core and the 
unused mix. 

Cox (49,50) in 1937 patented an up-fed furnace. 
A screw arrangement pushes mix up through an in- 
verted truncated cone-shaped furnace lined with re- 
fractory. Power is supplied through carbon elec- 
trodes projecting into the sides of the furnace. 

Benner, Melton, and Boyer (56) in 1939 employed 
an electrically heated tunnel through which re- 
fractory trays, loaded with loose or briquetted mix, 
are passed. The tunnel may consist of a hollow 
carbonaceous conductor to act as a resistance heater, 
or may be heated by induction. 

Van der Pyl (59) was issued a patent in 1956 
covering a process to synthesize SiC. Claim #1 
aptly describes the method as follows: “Process for 
the synthesis of silicon carbide comprising charging 
a mixture of carbon and silica into a plurality of 
open ended containers which are of a size and shape 
to be detachable joined at the open ends, mating a 
plurality of said containers and introducing them 
into a tube furnace having the shape of a long tube 
thereby forming a tube within the tube furnace 
which tube thereby formed constitutes a single 
compartment, advancing the containers through the 
tube furnace and removing the containers which 
have been advanced all the way through the tube 
furnace, said tube furnace being at a median loca- 
tion thereof heated to a temperature of at least 
1800°C.” 

The SiC produced in Van der Pyl’s furnace con- 
sists of discrete crystals which require only classifi- 
cation for use as abrasive grain, thus eliminating 
crushing operations. Costs are further reduced by 
the utilization of the waste gases. 


Summary 

In summary, the art of furnacing SiC has not de- 
parted radically from the method originated by 
Acheson. Today’s furnaces are much larger but they 
still use his principle of heating from within, with 
the charge acting as a refractory container as well 
as a thermal insulator for the ingot being formed. 
Improvements in furnace design have facilitated 
loading and unloading operations. Large scale col- 
lection and utilization of waste gases have not yet 
been achieved. Changes in core composition and 
geometry have resulted in a moderate improvement 
in the over-all efficiency of the operation. Better 
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physical and chemical properties of the product 
have been attained by controlling mix composition 
and power input. Several starts have been made 


toward a continuous commercial process for making 
SIC. 


Manuscript received January 18, 1957. This paper 
was prepared for delivery before the Cleveland Meet- 
ing, Sept. 30 to Oct. 4, 1956. 


Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1958 
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Papers are now being solicited for the meeting to be held in New York, N. Y., April 27-May 1, 
1958. Triplicate copies of each abstract (not exceeding 75 words in length) are due at the Secretary's 
Office, 1860 Broadway, New York 23, N. Y., not later than January 2, 1958 in order to be included 
in the program. Please indicate on abstract for which Division's symposium the paper is to be sched- 
uled. Complete manuscripts should be sent in triplicate to the Managing Editor of the JourNaL at 
1860 Broadway, New York 23, N. Y. 
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Current Affairs 


R. J. McKay Appointed Publication Committee Chairman 


Robert J. McKay was appointed 
Chairman of the Publication Com- 
mittee by the Board of Directors at 
the Washington Meeting of the So- 
ciety, May 12, 1957. Mr. McKay has 
been a vice-president of the Society 
and was president in 1953. He had 
previously served as Chairman of 
the New York Section, Chairman of 
the Corrosion Division, and in vari- 
ous other capacities. 

Mr. McKay was born in Washing- 
ton County, New York, in 1887. He 
received his B.A. degree at Butler 
College in 1910 and while there was 
assistant to Dr. R. B. Moore who was 
beginning his work on radioactivity 
and atomic fission. His B.S. degree, 
in physical chemistry, was received 
from the University of California in 
1913, at which time he was an in- 
structor at this university. After 
early work with western smelters, 
he joined the International Nickel 
Company in 1916. Following experi- 
mental work which led to the use of 
pH control in nickel refining, he did 
work at Mellon Institute on corro- 
sion of nickel alloys for the Interna- 
tional Nickel Company, which was 
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Aerial view of Metal Research Labs. and Plant of Electro Metallurgical Co. and Strategic Udy 
Lab. (lower left) at Niagara Falls, N. Y., which members will visit during Buffalo Meeting. 


Robert J. McKay 


the basis for early papers on these 
alloys and the effect of concentration 
cells in corrosion. 

Later, as the company’s Superin- 
tendent of Technical Service Mr. 
McKay was active in the develop- 
ment of new products, such as nickel 
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clad steel and the alloy, Inconel, 
which has had recent attention in 
connection with jet and other high 
temperature engines—and he was 
author of the first paper describing 
the properties of Inconel. From 1938 
until his retirement in 1954 Mr. Mc- 
Kay was Chemical Engineer in 
charge of Plating Sales and Devel- 
opment; while there he became in- 
terested in new industrial uses in- 
volving corrosion, heat resistance, 
and mechanical strength as contrast- 
ed with the more commonly known 
decorative uses of nickel plating. 

Mr. McKay’s publications include 
some 40 technical papers on the cor- 
rosion properties of nickel alloys, 
many of them in the TRANSACTIONS 
of the Society. He is co-author of the 
American Chemical Society Mono- 
graph on “Corrosion Resistance of 
Metals and Alloys.” 

Since retiring from the Nickel 
Company Mr. McKay has been oc- 
cupied with further studies on con- 
centration cells, the corrosion of 
nickel plated coatings, and helping 
with a current revision of the A.C.S. 
Monograph. 


10, 1957 


The Fall Meeting of the Society 
will be held at the Statler Hotel, 
Buffalo, N. Y., October 6 to 10, 1957. 

A varied and interesting program 
of technical sessions and trips is 
promised for the Fall Meeting. The 
Niagara Falls Section, host of this 
meeting, has taken full advantage of 
the concentration of electrochemical 
and electrothermic industries in the 
Niagara Frontier in organizing plant 
visits. 

Technical Sessions 

The technical program will be con- 
ducted by several Divisions, includ- 
ing Battery, Corrosion, Electrodepo- 
sition, Electronics (semiconductors) , 
Electro-Organics, and Electrother- 
mics and Metallurgy. Several special 
symposia have been arranged, on 
“Metal Powders” by the Electro- 
deposition Division; on “Corrosion of 
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Electrodeposited Metals” jointly 
sponsored by Electrodeposition and 
Corrosion Divisions; “Ferroalloys and 
Slag” by the Electrothermics and 
Metallurgy Division; and a joint 
symposium and Round Table spon- 
sored by the Electro-Organic and 
Theoretical Electrochemistry Divi- 
sions. 

The complete program, including 
general information, technical ses- 
sions, and abstracts, will appear in 
the August JourNAL. Additional de- 
tails will be published in the Sep- 
tember issue. 


Plant and Laboratory Visits 

The world renowned Cornell 
Aeronautical Lab., Inc., carrying out 
many programs for government and 


also for industry, will show its wind 
tunnels and other unclassified facili- 
ties. Carborundum Metals Division 
of The Carborundum Company at 
Akron, New York, will open its 
doors for those interested in zirco- 
nium and hafnium production. 

On Niagara Falls Day, October 9, 
there will be a choice of three trips. 
One will be to the International 
Nickel Co. plant at Port Colborne, 
Ont. A second will include part of 
the plant of Hooker Electrochemical 
Co., to see its chlor-alkali production 
facilities, followed by a trip through 
the Metals Research Labs. of the 
Electro Metallurgical Co. A third 
trip will again cross the border for 
an inspection of the plant of North 
American Cyanamid Ltd., followed 
by a tour of the new Sir Adam Beck 


SOCIETY 


July 1957 


No. 2 Hydroelectric Plant of the 
Ontario-Hydro Commission. 


Ladies’ Program 

At the Fall Meeting, in addition to 
coffee each morning in the ladies’ 
lounge, several activities for the vis- 
iting ladies are being arranged. 
Luncheons will be held at the Park 
Lane on Monday, October 7, and at 
the Buffalo Country Club on Tues- 
day, October 8, to be followed by 
bridge in the afternoon. The next 
day, Niagara Falls Day, ladies will 
be taken by bus to the Niagara Falls 
Country Club and later on a trip 
through famous old Fort Niagara 
and sightseeing along the Niagara 
River. In the evening the group will 
join the men for dinner at the 
Sheraton Brock Hotel. 


Abstracts of “Recent News” Papers 
Presented at Electronics Division Semiconductor Symposium at Washington Meeting, May 14 and 15 


Electrical Properties of High-Purity Indium 
Phosphide* 


T. C. Harman and E. P. Stambaugh, 
Battelle Memorial Institute, Co- 
lumbus, Ohio 

The technique used for measure- 
ment of the electrical properties of 

InP is discussed. High purity single 

crystal InP was shown to be electri- 

cally and optically homogeneous. 

The purest specimen contains ap- 

proximately 4 x 10”/cm* donor im- 

purities and the behavior of the mo- 

bility as a function of temperature 
suggests negligible compensation. 

The electron mobility is proportional 

to T°” from high temperatures down 

to 200°K and reaches a maximum of 

14,000 cm?/volt-sec at 110°K. 


*The research reported was supported 
jointly by the Army, Navy, and Air Force 
under contract with the Massachusetts Insti- 
tute of Technology and performed under sub- 
contract with M.L.T. 


Pulse Properties and Reliability of Diffused 
Junction Rectifiers 


H. S. Veloric, Bell Telephone Labs., 
Inc., Murray Hill, N. J 

Experiments on breakdown phe- 
nomena in high voltage rectifiers are 
described and the results related to 
recent work on surface and body 
breakdown. The results show that 
some devices break down uniformly 
over the area of the junction, others 
at a few spots on the s'irface. Most 
junctions show a negative resistance 
at power levels from a watt to sev- 
eral kw. Units with avalanche body 
breakdown are able to dissipate sev- 
eral kw instantaneously. Devices 
with surface breakdown collapse at 
a few watts. Devices which collapse 
under operation at much lower pow- 
er levels are thought to break down 
initially at the surface. Some device 
implications of the data are dis- 
cussed briefly. 


Diffusion of Oxygen in Silicon 
R. A. Logan and A. J. Peters, Bell 


Telephone Labs., Inc., Murray 
Hill, N. J. 


Diffused oxygen layers have been 
formed in Si at temperatures of 
1200°-1400°C. The diffused oxygen 
layer can be recognized by its etch- 
ing characteristics. Using Dash’s 
etching technique,’ the rate of de- 
velopment of the etch-pits associated 
with edge dislocations in Si is shown 
to vary with oxygen concentration in 
the crystal. Pits in oxygen-rich Si 
(pulled with rotation from a silica 
crucible) are small compared to 
those in oxygen-free Si (floating 
zone). Changes in oxygen concen- 
tration caused by heat treatment 
have been observed in terms of 
etch-pit size and the results indicate 
that the precipitation of oxygen on 
heating near 1000°C does not occur 
at dislocations. 

The diffused oxygen layer can also 
be converted to low n-type resistivity 
by heating’? at 450°C, and is readily 
demarcated from the p-type floating 
zone base material which does not 
change resistivity in this heat treat- 
ment. The effective diffusion con- 
stant of the donors formed is about 
10°” cm?/sec at 1300°C and has an 
activation energy of about 3 ev. 


1w. C. Dash, J. Appl. Phys., 27, 1193 
(1956). 


2C. S. Fuller, J. A. Ditzenberger, N. B. 
ane. and E. Buehler, Acta Met., 3, 1 
a ). 


Volatile Impurities in Silicon and Germanium 


H. A. Papazian* and S. P. Wolsky, 
Raytheon Manufacturing Co., 
Waltham, Mass. 

A mass spectrographic investiga- 
tion of the nature and amounts of 
volatile impurities in Si and Ge has 
been performed. Concentrations of 
hydrogen, oxygen, and carbon were 
found to be as large as 10” atoms/cc 
in Si and 10" atoms/cc in Ge. 


* Present address: Convair Scientific Re- 
search Lab., San Diego, Calif. 


Vacuum Microbalance Experiments on 
Germanium and Silicon 
S. P. Wolsky, Raytheon Manufactur- 
ing Co., Waltham, Mass. 


A quartz microbalance capable of 
detecting weight differences of 0.15 
ug has been set up in an ultra-high 
vacuum system. The argon ion bom- 
bardment of Ge and Si has been 
studied. The rates of sputtering of 
Ge and Si have been determined as 
a function of ion energy. Bombard- 
ment and oxidation data have been 
used to obtain information concern- 
a the nature of the Ge and Si sur- 
aces. 


Photoengraving in Transistor Fabrication 


J. Andrus and W. L. Bond, Bell 
Telephone Labs., Inc., Murray 
Hill, N. J. 

Photoengraving as adapted to 
transistor fabrication is described. 
Methods are given for grinding, lap- 
ping, and polishing crystal plates; 
cleaning and coating them; exposing 
them to light through a stencil; de- 
veloping the image, dyeing it, and 
etching the pattern into the crystal. 
Chemical formulas are given for 
etches that retain flatness and re- 
move material controllable to a mi- 
cron. The method produces strain- 
free surfaces and allows one to use 
patterns too small and complicated 
to be cut mechanically. 


Selective Bath Etching of Germanium 
to Produce Very Narrow Base Regions* 


D. E. Sawyer, R. H. Rediker, and J. 
Lowen, Lincoln Lab., Massachu- 
setts Institute of Technology, 
Lexington, Mass. 

Since holes are necessary in the 
electrolyte etching of n-type Ge, 
etching will preferentially occur op- 
posite a hole-injecting rectifying con- 
tact. By varying electric circuit 
parameters, the spatial distribution 
of the injected holes can be varied 
and the etched depression made con- 
cave, convex, or flat. The etching is 
periodically interrupted in order to 
sense the base width. During sensing, 
the rectifying junction is back biased 
and a plate is deposited on the etched 
surface. Monitoring the voltage at 
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which the junction space charge re- 
gion punches through to below the 
plate allows base widths to be etched 
to as small as 1 u. 

*The research reported was supported 
jointly by the Army, Navy, and Air Force 


under contract with the Massachusetts Insti- 
tute of Technology. 


Field Modulation of Liquid Induced Excess 
Surface Currents on Germanium Diodes 


W. T. Erikson, Raytheon Manufac- 
turing Co., Waltham, Mass. 

An investigation of the fieldistor 
effect has been made in light of a 
recently proposed mechanism ior 
liquid induced excess currents.’ Field 
modulation occurs only when the 
liquid is polar, but high values of 
reverse current are obtained for non- 
polar liquids in which case no field 
modulation is obtained. The field 
dependent portion of the excess cur- 
rent is highly temperature depend- 
ent, and the field dependent fraction 
of the total current increases with 
decreasing temperature down to the 
freezing point of the polar — 
The phenomenon is discussed from 
the point of view that the liquid in- 
duced excess current is flowing out- 
side of the semiconductor in the 
liquid and that this current is being 
modulated by the field. 


!W. T. Erikson, H. Statz, and G. A. deMars, 
J. Appl. Phys., 28, 133 (1957). 


Effect of Gaseous Ambients on the Interface 
Structure of Germanium 


A. Many* and D. Gerlich, Dept. of 
Physics, The Hebrew University, 
Jerusalem, Israel 

Simultaneous measurements of 
surface recombination velocity and 
trapped charged density in the fast 
states as a function of surface poten- 
tial are reported. The surface poten- 
tial is varied over a wide range by 
the application of large a-c fields 
normal to the surface. It is found 
that the distribution and characteris- 
tics of the fast states are markedly 
affected by the surrounding ambi- 
ents. Initially, with the sample in 
vacuo, rapid changes in interface 
structure take place. After a few 
days, stabilization essentially 
reached; following that, repeated 
exposures to different ambients re- 
sult in reproducible changes which 
persist for many weeks. 

*On leave of absence. Present address: 


Physics Lab., Sylvania Electric Products Inc., 
Bayside, N. Y. 
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Section News 


Council of Local Sections 

At its meeting in Washington, 
D. C., on May 13, 1957, the Council 
of Local Sections elected the follow- 
ing officers: 

Representative of the Council on 
the Board of Directors—Lee O. 
Case, 1245 Chemical Bldg., Uni- 
versity of Michigan, Ann Arbor, 
Mich. 

Chairman—Howard T. Francis, 
107 Walnut St., Park Forest, III. 

Vice-Chairman—Martin F. Quaely, 
88 Mt. Hebron Rd., Montclair, 
N. J. 

Secretary—Karl S. Willson, 3785 
W. Thirty-third St., Cleveland 
9, Ohio. 

Completing the second year of his 
term is the other representative on 
the Board of Directors, Fred W. 
Koerker, 4103 Dyckman Rd., Mid- 
land, Mich. 


Boston Section 

The sixth meeting of the Boston 
Section was held on March 21, 1957 
at the M.I.T. Graduate House, where 
Dr. Miles V. Sullivan, Bell Telephone 
Labs., Inc., Murray Hill, N. J. pre- 
sented a paper on “New Sources of 
Electrical Energy—The Bell Solar 
Battery.” 

The first experimental application 
of the Bell Solar Battery was the 
powering of a telephone repeater in 
an area where conventional power 
sources are not available. Small 
solar cells are now available com- 
mercially. It is assumed that solar 
cells will last indefinitely. Demon- 
strations were given of a solar-pow- 
ered portable receiver, an FM trans- 
mitter, and a toy automobile. 


Charles Levy, Secretary 
Chicago Section 


The Chicago Section had as its 
speaker at the April 8, 1957 meeting 
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Dr. Richard F. Humphreys, Assist- 
ant Director for Technical Develop- 
ment, Armour Research Foundation. 
The title of his talk was “A Nuclear 
Reactor for Industrial Research.” 
The meeting was held at The Chica- 
go Engineers Club. 

Dr. Humphreys was, in large 
measure, responsible for obtaining 
the initial operation of the reactor 
now operating at Armour Research 
Foundation. He described some of 
the things one could do with a re- 
actor. First, it gives a ready source 
of isotopes. Long-life isotopes can, 
of course, be easily purchased, but 
short-life isotopes decay too rapidly 
to permit shipment. The reactor can 
fill this need. Further, research is in 
high gear now to study the effects of 
radiation on matter, such as poly- 
merization, curing, etc. Finally, 
much work is being done using the 
neutron as an analyzer, such as neu- 
tron diffraction. 


W. H. Colner, Secretary 
India Section 


A business meeting of the Section 
was held on March 17, 1957 at the 
Indian Institute of Science, Banga- 
lore, with Mr. P. S. Marayana as 
chairman. The minutes of the Aug. 
27, 1956 meeting were confirmed, 
and the Statement of Accounts for 
1956 was approved. The following 
were nominated Officers of the Sec- 
tion for 1957-58, as per the report of 
the Nominating Committee: 

Chairman—M. S. Thacker 

Vice-Chairmen—S. Ramaswamy, 

K. Srinivas 

Secretary—J. Balachandra 

Treasurer—T. L. Rama Char 

It was decided to communicate the 
thanks of the Section to the Asia 
Foundation for continuing the finan- 
cial assistance to members over So- 
ciety dues, and to the President and 
Board of Directors of the Society for 
their help in the matter. 


T. L. Rama Char 


Chateau Laurier. 


Manuscripts and Abstracts for Spring 1958 Meeting 


Papers are now being solicited for the Spring 1958 Meeting of the Society, to be held at the Statler Hotel 
in New York City, April 27, 28, 29, 30, and May 1, 1958. Technical Sessions probably will be scheduled on Electric 
Insulation, Electronics, Electrothermics and Metallurgy, Industrial Electrolytics, and Theoretical Electrochemistry. 

To be considered for this meeting, triplicate copies of abstracts (not to exceed 75 words in length) must be 
received at Society Headquarters, 1860 Broadway, New York 23, N. Y., not later than January 2, 1958. Please 
indicate on abstract for which Division’s symposium the paper is to be scheduled. Complete manuscripts should 
be sent to the Managing Editor of the JouRNAL at 1860 Broadway, New York 23, N. Y. 


The Fall 1958 Meeting will be held in Ottawa, Canada, September 28, 29, 30, October 1, and 2, 1958, at the 
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Ontario-Quebec Section 

The third meeting of the 1956-57 
season held in Toronto on the after- 
noon of March 22 at the Wallberg 
Building of the University of To- 
ronto was well attended. It was the 
first time the Section met outside 
Montreal. Speakers were Dr. H. R. 
Copson, who is in charge of the Cor- 
rosion Section, Research Lab., Inter- 
national Nickel Co., Inc., Bayonne, 
N. J., whose subject was “Relation- 
ship between Stress and Corrosion,” 
and Mr. F. J. Rutland, Sales Engi- 
neer for the Electro-Chemical Div., 
Norton Co., Niagara Falls, Ont., who 
spoke on “High Temperature Refrac- 
tories, Manufacture, Properties, and 
Uses.” Dr. L. M. Pidgeon, Head of 
the Dept. of Metallurgy, University 
of Toronto, acted as Technical Chair- 
man of the meeting. 


H. A. Timm, Secretary-Treasurer 


Philadelphia Section 

The May meeting of the Philadel- 
phia Section was held on the campus 
of Bryn Mawr college. Cocktails 
and dinner were enjoyed in the 
deanery by members and _ their 
wives, who afterward adjourned to 
the chemistry building for the meet- 
ing. 

The single item of business trans- 
acted was the election of officers for 
1957-58. Elected were: 

Chairman—George Temple 

Vice-Chairman—George Bodamer 

Treasurer—Albert Ware 

Secretary—H. C. Mandell, Jr., 

Pennsalt Chemicals Corp., Tech- 
nical Division, 3 Penn Center 
Plaza, Philadelphia 2, Pa. 
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A rising vote of thanks was ten- 
dered the retiring chairman, Ned 
Eckfeldt. 

Dr. Robert E. Maynard then gave 
a talk on “Skin Diving—Entrance 
into Another World,” illustrated by 
slides, movies and equipment on 
hand for inspection. Dr. Maynard 
pointed out the attractions to be 
found beneath the sea for the natur- 
alist, adventurer, artist, and fisher- 
man, and emphasized the lack of 
danger involved in skin diving, even 
in the most extreme cases. 


Pittsburgh Section 

The second meeting of the year 
was held on March 25, 1957 jointly 
with the Physical and Inorganic 
Group of the Pittsburgh Section of 
the American Chemical Society at 
Mellon Institute for Industrial Re- 
search. After dinner at the Pitts- 
burgh Playhouse, Dr. Virginia Grif- 
fing of Catholic University spoke on 
“The Molecular Orbital Theory of 
Activation Energies.” She presented 
a formal procedure for discussing 
the qualitative aspects of chemical 
binding and chemical interaction be- 
tween atoms and molecules within 
the framework of the molecular 
orbital theory. The procedure was 
illustrated for a few simple four- 
atom systems and some quantitative 
calculations on simple systems were 
reviewed. It was emphasized that 
the occurrence and removal of de- 
generacy of molecular wave func- 
tion by changing the internuclear 
parameters should be an important 
factor in all chemical problems. 


Ling Yang, Secretary-Treasurer 


1956 Directory 


The 1956 Directory of Members 
of The Electrochemical Society is 
available The Directory contains an 
alphabetical and geographical list of 
members of the Society as of March 
1, 1956, and a list of Patron and Sus- 
taining Members, Past Presidents, 
and winners of Society prizes and 
awards. 

In the Classification of Members 


preceding page 1, under Type of 
Membership Affiliation, the follow- 
ing should be added: 7—Emeritus, 
8—Life. 

Members who wish to receive the 
Directory are requested to fill in and 
return the order form below, accom- 
panied by check, to Society Head- 
quarters, 1860 Broadway, New York 
23, N. Y. 


Please send 
Name 
Company 
Street 

City 


Attached is check for $ 
cost $2.00.) 


copy (ies) of the 1956 Membership Directory to: 


Zone State 


for Directory. (Single copies 
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Southern California- Nevada Section 

A regular Section meeting was 
held on April 2, 1957 at the Roger 
Young Auditorium in Los Angeles, 
at which the speaker was Mr. Wilbur 
C. Myers, Director of Research of the 
Electronic Div. of National Cash Reg- 
ister Co. His topic was “Ferroelec- 
trics.” Mr. Myers defined the prop- 
erties of ferroelectric materials and 
explained where they fit into the 
field of solid state’ physics. Slides 
showing photographs of the material 
and the more unusual devices em- 
ployed were presented. 


Lee John Droege, 
Secretary-Treasurer 


Back Volumes Available 

Bound Volumes 12 (1907) through 
102 (1955) complete, together with 
the 5 volumes of Indexes from 1902 
through 1951, are available. Anyone 
interested in obtaining back volumes 
should contact Dr. Oliver W. Storey, 
2 Santa Cruz Blvd., Santa Barbara, 
Calif. 


New Members 


In May 1957 the following were 
approved for membership in The 
Electrochemical Society by the Ad- 
missions Committee: 


Active Member Sponsored by a 
Sustaining Member 
Joseph H. Carter, Jr., American Ma- 
chine & Foundry Co., 509 W. North 
St., Raleigh, N. C. (Battery) 


Active Members 

John J. Adams, Tung-Sol Electric, 
Inc.; Mail add: 55 Walnut St., 
Belleville 9, N. J. (Electronics, 
Electrothermics & Metallurgy) 

Akio Amaya, Tokyo Tsushin Kogyo 
Ltd., 351, 6-Kitashinagawa, Shin- 
agawa-ku, Tokyo, Japan (Elec- 
tronics) 

George A. Bartholomew, Applied 
Research Lab., U. S. Steel Corp., 
Monroeville, Pa. (Electrodeposi- 
tion) 

Leonard M. Bianchi, Westinzhouse 
Electric Corp.; Mail add: R. D. 
#6, Iowa St., Greensberg, Pa. 
(Electrothermics & Metallurgy) 

John D. Carroll, Hughes Aircraft 
Co.; Mail add: 13024 Cimarron 
Ave., Gardena, Calif. (Electronics, 
Industrial Electrolytic) 

Earl E. Chadsey, Jr., National Re- 
search Corp.; Mail add: Concord 
Rd., Sudbury, Mass. (Corrosion, 
Electrodeposition, Electrothermics 
& Metallurgy) 

Hung-Chi Chang, Westinghouse Elec- 
tric Corp., 7325 Penn Ave., Pitts- 
burgh 9, Pa. (Electronics) 
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Clifford B. Collins, General Electric 
Co., Nela Park, Cleveland 12, Ohio 
(Electronics) 

Carl E. Coy, Carl E. Coy & Asso- 
ciates; Mail add: 121 Louise Ter- 
race, Glen Burnie, Md. (Electric 
Insulation, Electronics) 

George A. Cypher, General Electric 
Co.; Mail add: 1524 Myron St., 
Schenectady 9, N. Y. (Electric In- 
sulation) 

George G. Harman, Jr., National 
Bureau of Standards; Mail add: 
4413 Lowell St., S.W., Washington 
16, D. C. (Electronics) 

Mario M. Jacopetti, University of 
Naples; Mail add: Via Mezzocan- 
none 4, Naples, Italy (Corrosion, 
Theoretical Electrochemistry) 

Edward T. Johnson, Pittsburgh Met- 
allurgical Co.; Mail add: 4727 Rap- 
ids Blvd., Niagara Falls, N. Y. 
(Electrothermics & Metallurgy) 

Howard Lawrence, Bell Telephone 
Labs.; Mail add: 24 Hibernia Rd., 
Rockaway, N. J. (Electronics) 

Luther D. Loch, Carborundum Co., 
Research & Development, Niagara 
Falls, N. Y. (Electrothermics & 
Metallurgy) 

Charles P. Marsden, National Bu- 
reau of Standards, Section 1.2, 
Washington 25, D. C. (Electronics) 

Donald R. Mason, University of 
Michigan, 2028 East Engineering 
Bidg., Ann Arbor, Mich. (Elec- 
tronics) 

George Mayurnik, Grace Research & 
Development; Mail add: 139 Union 
Ave., Garfield, N. J. (Electronics) 

James J. McMullen, Dept. of Metal- 
lurgical Research, Kaiser Alumi- 
num & Chemical Corp, Spokane 
69, Wash. (Theoretical Electro- 
chemistry) 

Nelson P. Nies, U. S. Borax & Chem- 
ical Corp., 630 Shatto Place, Los 
Angeles 5, Calif. (Electrothermics 
& Metallurgy, Industrial Electro- 
lytic) 

Remo Pellin, E. I. du Pont de Nem- 
ours & Co., Inc.; Mail add: 302 
Plymouth Rd., Wilmington 3, Del. 
(Electronics) 

Roger J. A. Potvin, Faculty of Sci- 
ences, Laval University, Quebec, 
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P. Q., Canada (Corrosion, Electro- 
thermics & Metallurgy, Theoretical 
Electrochemistry) 

Morton B. Prince, Hoffman Semicon- 
ductor Div.; Mail add: 930 Pitner 
Ave., Evanston, Ill. (Electronics) 

Joseph M. Rafferty, Northrop Air- 
craft Inc.; Mail add: 11818 Cren- 
shaw Blvd., Inglewood, Calif. 
(Corrosion, Electrodeposition) 

Howard L. Recht, Pittsburgh Consol- 
idation Coal Co.; Mail add: 711 
Riehl Dr., Pittsburgh 34, Pa. (Bat- 
tery, Corrosion, Theoretical Elec- 
trochemistry) 

Wesley W. Riches, E. I. du Pont de 
Nemours & Co., Inc.; Mail add: 112 
Banbury Dr., Wilmington 3, Del. 
(Electronics) 

Dibyendra L. Roy, Central Electro- 
chemical Research Institute, P. O. 
Alagappa College, Karaikudi (S. 
Rly), India (Battery, Corrosion, 
Electrodeposition, Electronics, Elec- 
trothermics & Metallurgy, Indus- 
trial Electrolytic, Theoretical Elec- 
trochemistry) 

Roswell J. Ruka, Westinghouse Elec- 
tric Corp., Churchill Boro., Beulah 
Rd., Pittsburgh 35, Pa. (Electronics) 

Edward Sailer, Radio Corp. of 
America, Somerville, N. J. (Elec- 
tronics) 

Glenn R. Schaer, Battelle Memorial 
Institute, 505 King Ave., Columbus 
1, Ohio (Electrodeposition) 

Bernard F. Schoen, Nepera Chemical 
Co., Inc.; Mail add: 200 Woodstone 
Rd., Rockaway, N. J. (Electro- 
Organic) 

Bertram Schwartz, Hughes Aircraft 
Co.; Mail add: 5315 W. 102 St., Los 
Angeles 45, Calif. (Electronics) 

Ralph L. Sherwood, Semiconductor 
Div., Radio Corp. of America; Mail 
add: 63 No. Hamilton Ave., Tren- 
ton 9, N. J. (Electronics) 

George A. Snow, Simplex Wire & 
Cable Co.; Mail add: Cross St., 
Hopkinton, Mass. (Corrosion, Elec- 
trothermics & Metallurgy) 

Mark von Stackelberg, University of 
Bonn, Wittelsbacher Ring 1, Bonn, 
Germany (Theoretical Electro- 
chemistry) 

William A. Sterner, American Smelt- 
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By action of the Board of Directors 
of the Society, all prospective mem- 
bers must include first year’s dues 
with their applications for member- 
ship. 

Also, please note that, if sponsors 
sign the application form itself, 
processing can be expedited consid- 
erably. 


ing & Refining Co.; Mail add: 12 
MacArthur Dr., Fords, N. J. (Elec- 
trodeposition, Electronics, Indus- 
trial Electrolytic) 

Delbert M. Van Winkle, Hughes Air- 
craft Co., International Airport 
Station, Los Angeles 45, Calif. 
(Electronics) 

Robert C. Walker, Dow Chemical Co.; 
Mail add: 2461 Letts Rd., R.R. #3, 
Midland, Mich. (Industrial Elec- 
trolytic) 

John W. Ward, Los Alamos Scientific 
Lab.; Mail add: 107 Acorn St., Los 
Alamos, N. Mex. (Theoretical 
Electrochemistry ) 

Mary W. Wegner, Hughes Aircraft 
Co.; Mail add: 3662 Cardiff Ave., 
Los Angeles 34, Calif. (Electron- 
ics) 

Joseph Weissbart, Research Labs., 
Westinghouse Electric Corp., Pitts- 
burgh 35, Pa. (Corrosion, Theoret- 
ical Electrochemistry) 

Joseph G. Wurm, Faculty of Sciences, 
Laval University, Quebec, P. Q., 
Canada (Industrial Electrolytic) 


Student Associate Members 

William E. Garrison, Jr., University 
of Illinois, 14 East Chemistry Bldg., 
Urbana, Ill. (Electronics, Electro- 
Organic) 

Ralf Koslow, New York University; 
Mail add: 785 West End Ave., New 
York 25, N. Y. (Corrosion, Electro- 
deposition, Electronics, Theoreti- 
cal Electrochemistry) 

Donald E. Nisbett, Hiram College; 
Mail add: 630 Vienna Ave., Niles, 
Ohio (Electrothermics & Metal- 
lurgy, Theoretical Electrochemis- 
try) 

Larry L. Schwartz, Western Reserve 
University; Mail add: 315 No. Bu- 
chanan St., Fremont, Ohio 


in the JouURNAL. 


December 1957 Discussion Section 


A Discussion Section, covering papers published in the January—June 1957 JourNALs, is scheduled for pub- 
lication in the December 1957 issue. Any discussion which did not reach the Editor in time for inclusion in the 
June 1957 Discussion Section will be included in the December 1957 issue. 

Those who plan to contribute remarks for this Discussion Section should submit their comments or ques- 
tions in triplicate to the Managing Editor of the JourNnaL, 216 W. 102 St., New York 25, N. Y., not later than 
September 1, 1957. All discussion will be forwarded to the author, or authors, for reply before being printed 
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JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


July 1957 


1860 Broadway 


New Address 


for 


The Electrochemical Society, Inc. 


The Electrochemical Society has moved its offices to new quarters, located on the north- 
east corner of 61st Street and Broadway. All communications to the Society and the JourNAL 
should be addressed to the new address, 1860 Broadway. 


New York 23, N. Y. 


Telephones—ClIrcle 5-6282, ClIrcle 5-6283 


Associate Member 
Richard E. Henriks, Hughes Prod- 
ucts; Mail add: 3630 Motor Ave., 
Los Angeles 34, Calif. (Electronics) 


Reinstatements to Active Membership 

Charles D. Coxe, Handy & Harman, 
Bridgeport 1, Conn. (Battery, Cor- 
rosion, Electrodeposition, Electron- 
ics, Electrothermics & Metallurgy, 
Theoretical Electrochemistry ) 

Palmer H. Langdon, Finishing Pub- 
lications, Inc., 381 Broadway, West- 
wood, N. J. (Electronics) 

Charles E. MacKinnon, International 
Salt Co., Inc., Marine Trust Bldg., 
Buffalo 2, N. Y. (Industrial Elec- 
trolytic) 

James S. Sconce, Hooker Electro- 
chemical Co.; Mail add: Forest Rd., 
Lewiston, N. Y. (Industrial Elec- 
trolytic) 

Thottuvelil J. Varkey, St. Joseph’s 
College; Mail add: 13 Nanjappa 
Rd., Shantinagar, Bangalore, India 
(Corrosion, Electrodeposition, Elec- 
trothermics & Metallurgy) 


Transfer from Associate to 
Active Membership 
Henry B. Maier, Devenco, Inc.; Mail 
add: 415 W. 118 St., New York 27, 
N. Y. (Corrosion, Electrodeposi- 
tion, Electronics, Electrothermics 
& Metallurgy) 


Deceased Reported during April 1957 
Fernand Portail, Neuilly, Seine, 
France 


Correction 
There was an omission in the 
monograph series published in 1956 


in the Annual Report of the Board 
of Directors for 1956, given at the 
Society’s Annual Business Meeting 
held on May 14, 1957 in Washington, 
D. C. “Ares in Inert Atmospheres 
and Vacuum,” W. E. Kuhn, Editor, 
was published by John Wiley & Sons, 
Inc., in 1956. 


Personals 


John Frederick Gall has been ad- 
vanced from Director of Inorganic 
Research to the newly-created posi- 
tion of Assistant Manager of the Re- 
search and Development Dept. at 
Pennsalt Chemicals Corp., Philadel- 
phia. Associated with Pennsalt since 
1939, he is well-known professionally 
in the fields of electrochemistry and 
fluorine chemistry and is the author 
of numerous scientific publications. 


H. C. Mandell, Jr., has been pro- 
moted to Group Leader in the Inor- 
ganic Research Dept. of Pennsalt 
Chemicals Corp. In his new post Dr. 
Mandell will supervise research in 
inorganic synthesis. Previously, he 
was Senior Research Chemist. Al- 
though broadly experienced in inor- 
ganic and electrochemistry, his more 
recent interests are in the field of 
high energy fuels and oxidants. 


John J. Lander has been appointed 
Manager, Basic Battery Research, 
and Raymond C. Haefner assumes 
new duties as an Assistant Chief En- 
gineer within the Battery Engineer- 
ing Div. in charge of research and 


development functions of the divi- 
sion, in a series of appointments 
within Central Engineering of The 
Electric Auto-Lite Co., Toledo, O. 
Mr. Haefner will direct the Com- 
mercial Engineering and Customer 
Engineering Contact functions of the 
battery division. 


E. Robert Breining has joined the 
Commonwealth Engineering Co. of 
Ohio, Dayton, O., as Technical Di- 
rector of Gas Plating Activities. 
Formerly he had been Supervisor of 
Electrochemistry Research at Gen- 
eral Motors Research Staff. 


P. S. Narayana has been nominat- 
ed a member of the Council of the 
All India Management Associations. 


S. D. Gokhale has joined the 
Chemistry Div., Atomic Energy Es- 
tablishment, Bombay, India. 


News Items 


Union Carbide Changes Name 

The name of Union Carbide and 
Carbon Corp. has been shortened to 
Union Carbide Corp. Stockholders 
approved this change at the Annual 
Meeting of the Corporation on 
April 16. 

The names of three divisions of 
Union Carbide have also been 


changed. Carbide and Carbon Chem- 
icals Co. has become Union Carbide 
Chemicals Co.; Linde Air Products 
Co. is changing its name to Linde 
Co., and Carbide and Carbon Realty 
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Co. will be known as Union Carbide 
Realty Co. 


Cleveland to Get $1,500,000 
Engineering Center 

Construction of a $1,525,000 Cleve- 
land Engineering and Scientific Cen- 
ter on Chester Avenue near East 
Thirtieth Street is to begin immedi- 
ately, representing the largest money 
commitment of its type to be made 
in Cleveland since the 1930’s. The 
new structure will provide adequate 
meeting facilities for more than 53 
engineering and technical groups 
and through its over-all program of 
individually organized activities will 
be a Center for continuing technical 
education. 

The Cleveland Engineering and 
Scientific Center will have approxi- 
mately 50,000 square feet of floor 
space or about three times the space 
now available at the Cleveland Engi- 
neering Society’s present building, a 
remodeled telephone exchange at 
2136 East Nineteenth street. 

The Center will have an auditori- 
um of approximately 900 seating 
capacity, a single-purpose, slanted 
floor auditorium to accommodate 150 
people, a main dining room serving 
350 people, and three special dining- 
meeting rooms and class rooms. The 


CURRENT AFFAIRS 


auditorium, and an adjacent future 
dining room, are designed for heavy 
loading for exhibition purposes. 
Office space is also available for so- 
ciety offices, and special services, 
such as mailing and duplication, will 
also be offered. 


Silicon Carbide Rectifier 
Operates up to 1200°F 

A silicon carbide rectifier has been 
operated at temperatures up to 
1200°F, the General Electric Re- 
search Lab. recently announced. 
Similar devices made with other 
semiconductor materials, notably 
silicon, have been able to operate 
only up to the 400-500°F range. 

“Although currents of several am- 
peres have been rectified with us- 
able efficiency, the practical future 
of silicon carbide in rectifiers and 
other solid-state devices will depend 
on progress in the preparation of 
this highly stable but extremely 
stubborn material,” according to Dr. 
Guy Suits, GE vice-president and 
director of research. 

Basic studies of silicon carbide, a 
material best known as an abrasive, 
are part of a GE research program 
aimed at exploring a variety of com- 
pound materials for use in solid- 
state electronic devices. 
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“Most of the semiconductor de- 
vices now on the market have been 
made from single-element materials 
—principally germanium and silicon 
—but future progress appears to 
depend on learning more about com- 
pounds,” Dr. Suits said. “A major 
problem in all semiconductor re- 
search, that of achieving extremely 
pure materials, becomes increasingly 
difficult when more than one ele- 
ment is involved.” 

The GE research director empha- 
sized that the silicon carbide rectifier 
is still in laboratory development 
and that the announcement was 
“simply to affirm the important sci- 
entific fact that solid-state rectifica- 
tion has been observed in the range 
of temperatures from —100° to 
1200°F.” 


Ratings up to 140 amperes per cell 
are available in the new high power 
silicon component rectifiers an- 
nounced by General Electric Recti- 
fier Dept. at Lynn, Mass. Heart of 
the new rectifier is a small silicon 
wafer in a hermetically sealed en- 
closure of ceramic and welded stain- 
less steel. 

Additional information on high- 
current silicon rectifiers may be ob- 


Opening for 
ELECTROCHEMIST 


RESEARCH AND 


Interested In Development Work in aqueous 
and fused salt electrolysis, including 
all aspects of cell operation 


A program is being established in a new laboratory de- 
voted to these fields of investigation, and contacts will be 
had with Management, Research, Sales, Production, and 
Customer organizations. 

The man we want should be well grounded in theoretical 
and applied electrochemistry and preferably should have 
had one or more years experience in the electrolysis of alkali 
halides and metal compounds. Emphasis will be placed on 
the commercial application of the work. 

This is a challenging opportunity to establish yourself with 
a Development program in electrolysis where the future is 
practically unlimited. 


Please submit full details of qualifications to: 


NATIONAL CARBON COMPANY 


Division of Union Carbide Corporation « Development Laboratory’ 
3625 Highland Avenue, Niagara Falis, New York—Attention : Dr. N. J. Johnson 


DEVELOPMENT 


Research program requires experienced electro- 
chemists to work in electrolytic process development. 
Excellent laboratory facilities located twenty miles 
East of Los Angeles. 


GROUP LEADER 


Electrochemical engineer, three to four 
years experience desired. The man we are 
seeking need not be acting in this capacity 
at the present time, but desires more re- 
sponsibility based on successful perform- 
ance in electrochemical research and 
process development. 


ELECTROCHEMIST 


Position open in electrochemical process 
development. Degree in chemistry or 
chemical engineering with two to three 
years experience required. Salary com- 
mensurate with experience. 


Send resume to: Personnel Manager 
American Potash & Chemical Corporation 
3030 W. 6th St., Los Angeles 54, Calif. 
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Just Published! 


SEMICONDUCTOR 
SURFACE PHYSICS 


Proceedings of the 
Conference on the 
Physics of Semicon- 
ductor Surfaces, 
June, 1956. 


Edited by R. H. KING- 
STON, with the assist- 
ance of €E. Burstein, 
A. L. McWhorter, P. H. 
Miller, Jr., D. T. Ste- 
venson, and P. 8B. 
Weisz. 


This important new work of para- 
mount interest to physicists and 
physical chemists is a collection of 
invited papers devoted to the latest 
developments in the significant field 
of research which led to the discov- 
ery of the transistor, and which di- 
rectly concerns the specialist in ca- 
talysis. 


For the physicist, there are detailed 
reports on the most recent interpre- 
tation of surface state, surface con- 
ductance, and related phenomena on 
germanium and silicon surfaces, plus 
a description of the experimental 
techniques being used to study the 
newer semiconductor materials, and 
those aspects of surface phenomena 
related to the chemical structure of 
the surface. 


For the physical chemist, there is 
valuable information on the effect of 
electronic properties of the semicon- 
ductor surface on oxidation and 
catalysis. 


The book is divided into four sec- 
tions: CLEAN SURFACES - REAL 
SURFACES - ADSORPTION AND 
CATALYSIS - OXIDATION — each 
full of detailed and dependable in- 
formation. 

1957 405 pages, 130 figures $8.00 
Mail this coupon for a 10-day 

Free examination copy! 


University of Pennsylvania Press ie 
Dept. 2210 

3436 Walnut Street, Philadelphia 4, Pa. 
Please send me a copy of SEMICONDUC- 
TOR SURFACE PHYSICS to read and ex- 


| 

| 

| amine free of charge. In 10 days | will 
| return the book, or Pitt re 

| 
| 
| 
| 


mit $8.00, plus 
postage. 
Address 
City Zone State 


td SAVE MONEY! Check here if you 


| 

| 

| 

| 

| 

| 

| 


CLOSE payment, in which case we pay 
postage. me return privilege, refund 
| guaranteed. 
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tained by writing for bulletin GET- 
2689, General Electric Co., Schenec- 
tady 5, N. Y. 


Distribution of Certain Short-Lived 
Radioisotope Standards 

Effective May 6, 1957, the National 
Bureau of Standards discontinued 
the distribution of the following 
radioactivity standard samples of 
short-lived radioisotopes, which are 
now commercially available: NBS 
Standard Sample No. 4916 Phos- 
phorus-32; NBS Standard Sample 
No. 4917 Iodine-131; NBS Standard 
Sample No. 4918 Gold-198; NBS 
Standard Sample No. 4923 Sodium-24; 
NBS Standard Sample No. 4933 Po- 
tassium-42. 

Standardized samples of these nu- 
clides may be obtained from the 
Nuclear-Chicago Corp., 223 West 
Erie Street, Chicago 10, Ill. The 
standards to be issued by this firm 
will be derived from comparisons 
made with the primary standards of 
the National Bureau of Standards. 
The firm, however, has accepted full 
responsibility for the standardization 
of the samples that it distributes. 

Discontinuance of this activity will 
permit the Bureau to devote more of 
its resources toward meeting the de- 
mands of science and industry for 
new and more accurate standards. 
The Bureau’s action also conforms 
with the Federal Government’s gen- 
eral policy of withdrawing from ac- 
tivities that can be carried on by 
private business. The Bureau will, 
however, continue to maintain the 
primary disintegration-rate stand- 
ards of these nuclides, with which 
commercially available secondary 
standards may be compared. It is 
anticipated that there will be no in- 
terruption in the distribution sched- 
ules of the above standards. 


Olin Mathieson International Corp. 
Formed 

Formation of Olin Mathieson In- 
ternational Corp. and appointment 
of Henry A. Arnold as the new cor- 
poration’s president has been an- 
nounced by Thomas S. Nichols, 
chairman of Olin Mathieson Chemi- 
cal Corp., and Stanley de J. Osborne, 
president. The new company is a 
wholly owned subsidiary. 


Book Reviews 


Essentials of Qualitative Analysis, 
An Introduction to the Basic Unit 
Operations by A. A. Benedetti- 
Pichler. Published by the Ronald 
Press Co., New York, 1956. XIV 
+ 666 pages, $15.00. 

The point of view adopted by the 
well-known analyst who is_ the 


July 1957 


author of this book is that trust- 
worthy analyses depend on an un- 
derstanding and mastery of a variety 
of simple operations and techniques, 
Each of these is discussed lucidly in 
great detail with many references to 
other published material. Approxi- 
mately two-thirds of the book is de- 
voted to these unit operations, after 
which follows a series of experi- 
ments sufficient for a two-term 
course. The suggested experiments 
are characterized by a statement of 
the principle involved and unusually 
clear directions. A final feature of 
the book is the inclusion of nearly 30 
useful tables in the appendices. 
The author believes that the func- 
tion of a text in a formal course is to 
relieve the instructor of long discus- 
sions of techniques and procedures 
but not to provide a set of lecture 
notes. Thus, there are no discussions 
of the theory of acidimetry, oxida- 
tion titrations, electrochemistry, etc., 
since the individual instructor is ex- 
pected to have his own preferred 
method of presenting such material. 
The book will serve many useful 
purposes not only in analysis direct- 
ly but in many other laboratory ac- 
tivities since the so-called unit oper- 
ations are involved whenever a 
careful experiment is planned. 


John E. Vance 


Photoconductivity Conference, Edit- 
ed by R. G. Breckenridge, B. R. 
Russell and the late E. E. Hahn. 
Published by John Wiley & Sons, 
Inc., New York, 1956. XIII + 365 
pages, $13.50. 

This comprehensive volume in- 
cludes 30 papers presented at the 
November, 1954 Photoconductivity 
Conference at Atlantic City, N. J. 
Although two years passed between 
the Conference and the appearance 
of this book its papers include nu- 
merous references to published work 
through 1955 and with few excep- 
tions (notably in the area of mag- 
netic interactions in the fundamental 
optical absorption) represent a sum- 
mary of the available information 
on photoconductivity. 

The book is divided into five ma- 
jor sections. The first section, Phe- 
nomenological Theory of Photocon- 
ductivity, discusses the important 
parameters affecting the properties 
of photoconductors and the relation- 
ship from an information theory 
point of view between lifetime, limit 
of sensitivity and information rate 
in photoconductors. The second sec- 
tion, Photon Absorption Process, in- 
cludes theoretical treatments of lo- 
ecalized energy levels in_ solids, 


transition properties of electrons and 
holes in such trapping levels, indi- 
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rect photon transitions (those involv- 
ing phonons) between bands, absorp- 
tion near band edges, and the 
experimental status of infrared 
absorption in germanium and silicon 
and its implications for the band 
structure of these materials. The 
third section, Electron Processes, 
treats the motion, trapping, and re- 
combination of holes and electrons 
in photoconductors, surface photo- 
effects, the photoelectromagnetic ef- 
fect, and in considerable detail mi- 
nority carrier trapping in silicon. 
The fourth section, Photoconducting 
Materials, considers the properties 
of silicon, germanium, the intermet- 
allic compounds, ionic crystals, the 
lead salt photoconductors, and zinc 
oxide. The fifth section, Current 
Topics, discusses more recent photo- 
conductivity results on indium and 
antimonide, gold-doped germanium, 
tellurium, cadmium selenide, lead 
sulfide, and lead telluride. 

The majority of the papers are a 
review of important areas within the 
photoconductivity field. The out- 
standing contribution to the book is 
one of these: the paper by Burstein, 
Picus, and Sclar on the Optical and 
Photoconductive Properties of Sili- 
con and Germanium. There are, 
however, a number of papers which 
treat particular aspects of specific 
photoconductors in detail. The pa- 
per by Haynes and Hornbeck on The 
Trapping of Minority Carriers in 
Silicon is an excellent example. 

The book does not have the or- 
ganization or the uniform presenta- 
tion one would expect in a volume 
by one author. It does cover the 
photoconductivity field with ade- 
quate reference to the literature and 
with very little duplication in spite 
of the number of its authors. The 
overlapping of the study of the opti- 
cal properties of germanium and 
silicon by Burstein, Picus, and Sclar 
and by Fan, Shepherd, and Spitzer is 
clearly justified and the two papers 
on gold-doped germanium by Dunlap 
and by Morton, Hahn, and Schultz 
are not objectionable. 

As a whole the book is an excel- 
lent reference source for the photo- 
conductivity field though it is scarce- 
ly a good text book on the subject. 


Walter L. Brown 


Announcements 
from Publishers 


The Effects of Interstitial Contam- 
inants on the Notch-Tensile Prop- 
erties of Titanium and Titanium 
Alloys. Part 2—Alloy Titanium. 
E. P. Klier and N. J. Feola, Syra- 


CURRENT AFFAIRS 


cuse University, for Wright Air 
Development Center, Aug. 1956. 
Report PB 121575,* 202 pages, 
$5.50. 


Surface Hardening of Titanium with 
Metalloid Elements. Armour Re- 
search Foundation, for Watertown 
Arsenal, U.S. Army, May 1953. 
Report PB 111821,* 151 pages, 
$4.00. 


This final report describes the sur- 
face hardening of titanium and ti- 
tanium alloys with the metalloid 
elements oxygen, carbon, hydrogen, 
boron, and nitrogen. 


Heat of Formation and Entropy of 
Titanium Tetrachloride, W. F. 
Krieve and others, California In- 
stitute of Technology, for Ord- 
nance Corps., U.S. Army, Jan. 
1954. PB 121734,* 17 pages, 50 cents. 


Vapor Deposited Coatings. Final Re- 
port, L. M. Schetky, H. S. Spacil, 
and J. Wulff, Massachusetts Insti- 
tute of Technology, for Watertown 
Arsenal, U. S. Army, Aug. 1955. 
PB 121725,* 64 pages, $1.75. 


Volume Change and Gas Evolution 
on Heating Electrolytic Chromium, 
K. A. Moon and G. A. Consolazio, 
Watertown Arsenal, U. S. Army, 
Jan. 1956. PB 121768,* 15 pages, 
50 cents. 


A Study of the Feasibility of Coat- 
ing Magnesium with High-Purity 
Aluminum, C. F. Powell and I. E. 
Campbell, Battelle Memorial In- 
stitute, for Wright Air Develop- 
ment Center, Nov. 1956. PB 
121860,* 28 pages, 75 cents. 


Electricity and Magnetism by J. 
Newton. Philosophical Library, 
New York, 1956. ix + 613 pages. 
$10.00. 


Scientific French by William N. 
Locke. John Wiley & Sons, Inc., 
New York, 1957. x + 112 pages, 
$2.25. 


Meant to supplement elementary 
courses in learning to read and 
translate scientific French. 


Thermodynamic Properties of Chlo- 
rine by R. M. Kapoor and J. J. 
Martin. University of Michigan 
Press, Ann Arbor, 1957. 40 pages, 
$2.25. 

Development of equations for PVT 
relations, vapor pressure, saturated 
liquid density, specific heat; calcula- 
tion and tabulation of PVT, enthalpy 
and entropy for saturated liquid and 
vapor from m. p. to crit. temp. Same 


* Order from Office of Technical wee 
U.S. Dept. of Commerce, Washington 25, D. C. 
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for superheated vapor up to P = 
1400 psi. P-H and T-S diagrams. 
Units are °F, °R, cu ft/lb, Btu/lb, 
psi etc. 


Semiconductor Surface Physics, Pro- 
ceedings of the Conference on the 
Physics of Semiconductor Sur- 
faces, June 1956. Edited by R. H. 
Kingston, with the assistance of 
E. Burstein, A. L. McWhorter, 
P. H. Miller Jr., D. T. Stevenson, 
and P. B. Weisz. University of 
Pennsylvania Press, Philadelphia. 
405 pages, more than 130 graphs 
and figures, index, $8.00. 

A collection of invited papers and 
contributed discussion on the latest 
interpretation of surface states sur- 
face conductance, and related phe- 
nomena on germanium and silicon. 
Attention is given to those aspects of 
surface phenomena related to the 
chemical structure of the surface, 
in particular the electron-transfer 
mechanism between the bulk and 
the surface layer, and information 
on the effect of the semiconductor 
surface on oxidation and catalysis. 
The book is divided into four sec- 
tions, Clean Surfaces, Real Surfaces, 
Adsorption and Catalysis, and Oxi- 
dation. 


Chemical Apparatus Standard Re- 
vised. A revision, TS-5354, of the 
Commercial Standard for Inter- 
changeable Ground-Glass Joints, 
Stopcocks and Stoppers CS21-39 
recommended by a Standing Com- 
mittee of the Industry, may be ob- 
tained while the supply lasts by 
addressing a request to F. W. 
Reynolds, Commodity Standards 
Div., Office of Technical Services, 
U. S. Dept. of Commerce, Wash- 
ington 25, D. C. ; 


Bibliography on Applications and 
Properties of Zirconium and Al- 
loys, a seven-page bibliography 
giving up-to-date source material 
on properties of zirconium and its 
alloys will be furnished on re- 
quest by J. W. Blanton, Columbia- 
National Corp., 70 Memorial Drive, 
Cambridge 42, Mass. 


Gmelins Handbuch der anorgan- 
ischen Chemie, Eighth edition. The 
volumes of this Handbuch are pre- 
pared by the Gmelin Institute and 
are published by Verlag Chemie, 
GmbH, Weinheim/Bergstrasse. 
They are available through book 
importers such as Walter J. John- 
son, Inc., and Stechert-Hafner, 
Inc., New York. 


Calcium. System No. 28, Part A, 
Sect. 2, 1957. xii + 420 pages, $55.68. 
Occurrence, geochemistry, and eco- 
nomic geography of calcium com- 
pounds (313 pages); physical, elec- 
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trochemical and chemical properties 
of the metal (91 pages); calcium 
alloys. 


Zinc. System No. 32, Supplement 
Volume, 1956. xxxvi + 1025 pages. 
$138.00. The previous volume on 
Zinc was published in 1924, and this 
Supplement presents material ap- 
pearing in the literature from 1924 
to 1949. It covers occurrence, met- 
allurgy, purification, preparation of 
salts; physics of the metal (124 
pages), electrochemical behavior 
(137 pages), chemical properties (68 
pages), etc. 


Platinum. System No. 68, Part D, 
1957. Liv + 638 pages, $90.00. Com- 
plex compounds of platinum with 
neutral ligands. Describes 2880 plat- 
inum compounds of this type, cover- 
ing the literature through 1953. The 
whole of the Russian literature, 
which predominates in this field, is 
surveyed. 


Symposium on Corrosion Funda- 
mentals, edited by A. de S. Bra- 
sunas and E. E. Stansbury. Uni- 
versity of Tennessee Press, Knox- 
ville, 1956. v + 255 pages, $5.00. 
A series of lectures given at the 
University of Tennessee Corrosion 
Conference in March, 1955. 


Not a textbook on corrosion, but 
very well planned to cover most of 
the important principles, illustrated 
with examples which should make 
the application to industrial corrosion 
control obvious. Some of the topics in- 
cluded are: effect of metal structure 
(Stansbury); atmospheric corrosion 
(H. R. Copson); coatings (J. I. Rich- 
ardson, R. B. Seymour); cathodic 
protection (Milton Stern, H. C. Van 
Nouhuys); inhibition (H. C. Gatos); 
mechanical factors (J. J. Harwood); 
passivation (N. A. Nielsen). 


Project Engineering of Process 
Plants, by Howard F. Rase and 
M. H. Barrow. John Wiley & Sons, 
Inc., New York, 1957. xii + 692 
pages, $14.25. 

Emphasizes the importance of the 
trained project engineer to coordi- 
nate efforts in modern complex plant 
design. 


V.H.F. Television Tuners, by D. H. 
Fisher. Philosophical Library, Inc., 
New York, 1957. vii + 136 pages, 
$6.00. 


Frequency Modulation Receivers, by 
J. D. Jones. Philosophical Library, 
Inc., New York, 1957. ix + 114 
pages, $6.00. 


Light, Vegetation and Chlorophyll, 
by J. Terrien, G. Truffaut and J. 
Carles. Philosophical Library, Inc., 

New York, 1957. 228 pages, $6.00. 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


July 1957 


Meetings of Other 
Organizations 


Sept. 8-13—American Chemical So- 
ciety, National Meeting, New York, 
N. Y. 

Sept. 15-18—American Institute of 
Chemical Engineers, Regional 
Meeting, Lord Baltimore Hotel, 
Baltimore, Md. 

Oct. 1-4—National Association of 
Corrosion Engineers, North Cen- 
tral Regional Meeting, Chicago, Ill. 

Oct. 1-4—National Association of 
Corrosion Engineers, South Cen- 
tral Regional Meeting, Oklahoma 
City, Okla. 

Oct. 7-9—National Association of 
Corrosion Engineers Northeast Re- 
gional Meeting, Pittsburgh, Pa. 


Employment Situations 


Please address replies to box 
shown, c/o The Electrochemical So- 
ciety, Inc., 1860 Broadway, New 
York 23, N. Y. 


Positions Wanted 
Chemist, 15 years’ creative and re- 
sponsible work in metal finishing, 
corrosion, with experience in the 
continuous anodizing and dyeing of 
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147C 
Baker & Adamson, General 
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National Carbon Company........ 147C 
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aluminum, seeks position in or near 
Metropolitan New York. Reply to 
Box 361. 


Storage Battery Chemist is inter- 
ested in a responsible position in re- 
search and development. Has a long 
and successful record in lead-acid 
battery field, and a good understand- 
ing of problems facing the industry, 
coupled with imagination and a sci- 
entific approach to practical prob- 
lems. Publications and patents. Re- 
ply to Box 362. 


CORROSION RESEARCH 


For long range and fundamental research work 
in container corrosion problems, encompassing prac- 
tically all types of corrosion principles and investi- 
gational techniques. Good understanding of electro- 
chemical fundamentals required. Applicant must 
have Ph.D. degree or equivalent ability. 


Excellent working conditions in well-equipped lab- 
oratory with high-caliber associates. Company has 
liberal benefit plans and will pay salary commen- 
surate with abilities. Write to: 


Director, Electrochemical Metallurgy Laboratory 
Central Research and Engineering Division 


Continental Can Company, Inc. 


7622 South Racine Avenue 
Chicago 20, Illinois 
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